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Summary 
This is an interim report from the research study performed within the NHRP Research Project 
“Impacts of soil liquefaction on land, buildings and buried pipe networks: geotechnical evaluation 
and design, Project 3: Seismic assessment and design of pipe networks in liquefiable soils”. The 
work presented herein is a continuation of the comprehensive study on the impacts of 
Christchurch earthquakes on the buried pipe networks presented in Cubrinovski et al. (2011). 
This report summarises the performance of Christchurch City’s potable water, waste water and 
road networks through the 2010-2011 Canterbury Earthquake Sequence (CES), and particularly 
focuses on the potable water network. It combines evidence based on comprehensive and well-
documented data on the damage to the water network, detailed observations and interpretation 
of liquefaction-induced land damage, records and interpretations of ground motion 
characteristics induced by the Canterbury earthquakes, for a network analysis and pipeline 
performance evaluation using a GIS platform. 
The study addresses a range of issues relevant in the assessment of buried networks in areas 
affected by strong earthquakes and soil liquefaction. It discusses performance of different pipe 
materials (modern flexible pipelines and older brittle pipelines) including effects of pipe 
diameters, fittings and pipeline components/details, trench backfill characteristics, and severity of 
liquefaction. Detailed breakdown of key factors contributing to the damage to buried pipes is 
given with reference to the above and other relevant parameters.  
Particular attention is given to the interpretation, analysis and modelling of liquefaction effects on 
the damage and performance of the buried pipe networks. Clear link between liquefaction 
severity and damage rate for the pipeline has been observed with an increasing damage rate seen 
with increasing liquefaction severity. The approach taken here was to correlate the pipeline 
damage to LRI (Liquefaction Resistance Index, newly developed parameter in Cubrinovski et al., 
2011) which represents a direct measure for the soil resistance to liquefaction while accounting 
for the seismic demand through PGA. Key quality of the adopted approach is that it provides a 
general methodology that in conjunction with conventional methods for liquefaction evaluation 
can be applied elsewhere in New Zealand and internationally.  
Preliminary correlations between pipeline damage (breaks km-1), liquefaction resistance (LRI) and 
seismic demand (PGA) have been developed for AC pipes, as an example. Such correlations can be 
directly used in the design and assessment of pipes in seismic areas both in liquefiable and non-
liquefiable areas. 
Preliminary findings on the key factors for the damage to the potable water pipe network and 
established empirical correlations are presented including an overview of the damage to the 
waste water and road networks but with substantially less detail. A comprehensive summary of 
the damage data on the buried pipelines is given in a series of appendices. 
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1.0 Introduction 
This is an interim report from the research study performed within the NHRP Project “Impacts of 
soil liquefaction on land, buildings and buried pipe networks: geotechnical evaluation and design, 
Project 3: Seismic assessment and design of pipe networks in liquefiable soils”. The work 
presented herein is a continuation of the comprehensive study on the impacts of Christchurch 
earthquakes on the buried pipe networks reported in Cubrinovski et al. (2011). 
This report summarises the performance of Christchurch City’s potable water, waste water and 
road networks through the 2010-2011 Canterbury Earthquake Sequence (CES). The lessons from 
this work have important implications for the resilience of critical urban infrastructure and its 
management in seismically vulnerable areas. This report particularly focuses on the potable water 
network, and also provides an overview of the nature of the potable water data used with an 
emphasis on the historical development and quality of infrastructure spatial databases.  
Prior to the CES, the Christchurch City Council (CCC) had a detailed and comprehensive geospatial 
database of most components of the potable water system, and with the commencement of the 
CES the Stronger Christchurch Infrastructure Rebuild Team (SCIRT) developed an award-winning 
Geographic Information System (GIS) for managing the voluminous infrastructure data required 
for understanding earthquake impacts and managing the rebuild. As a result, the CES has 
generated one of the most comprehensive databases in the world for understanding the seismic 
impacts on an urban environment. The extended time period over which events in the CES have 
occurred has provided insight into the performance and resilience of the potable water system 
through multiple seismic events, the quantification of which will be valuable for informing seismic 
risk assessment methodologies. 
Also presented here are initial analyses of the performance of Christchurch City’s waste water 
network. Unlike the potable water system that is pressurised and relatively shallow (less than 1 m 
depth), the majority of the waste water network is comprised of gravity pipes typically placed at 
2.0 m to 3.5 m depth. Therefore, in contrast to the potable water system where faults were 
readily apparent and able to be linked to specific earthquake events, the waste water system 
repairs are occurring over a much longer timeframe and event-specific damage is difficult to 
determine. Despite this, analysis presented here demonstrates major patterns of pipe 
performance, along with more detailed characterisation of waste water manhole behaviour in 
response to liquefaction. We also present initial analysis of performance of Christchurch City’s 
road network, particularly in response to the Christchurch earthquake of 22 February 2011. 
2.0 The Canterbury Earthquake Sequence 
Between September 2010 and December 2011, Christchurch, the second largest city of New 
Zealand (population: ~ 350,000; area: ~ 450 km2), was hit by a sequence of strong earthquakes 
including six significant events: 4 September 2010 (Moment Magnitude, Mw=7.1), 22 February 
2011 (Mw=6.2), 13 June 2011 (two earthquakes: Mw=5.3 at 1 p.m. and Mw=6.0 at 2:20 p.m.) and 
23 December 2011 (two earthquakes: Mw=5.8 at 1:58 p.m. and Mw=5.9 at 3:18 p.m.) earthquakes. 
The causative faults of all these earthquakes were very close to or within the city boundaries thus 
generating very strong ground motions and causing tremendous damage throughout the city. The 
22 February 2011 earthquake was particularly devastating. It caused 185 fatalities, collapse of two 
2 
 
multi-storey reinforced concrete buildings, and collapse or partial collapse of many unreinforced 
masonry structures including the historic Christchurch Cathedral. The Central Business District 
(CBD) of Christchurch, which was the heart of the city just east of Hagley Park, was practically lost 
with majority of its 3,000 buildings being damaged beyond repair. Widespread liquefaction in the 
suburbs of Christchurch, as well as rock falls and slope/cliff instabilities in the Port Hills affected 
tens of thousands of residential buildings and properties, and shattered the lifelines and 
infrastructure over approximately one third of the city area. The total economic loss caused by 
the 2010-2011 Christchurch earthquakes is estimated to be at ~30 billion NZ dollars (or 15% of 
New Zealand’s GDP), and the cost of the rebuild at ~40 billion NZ dollars.  
 
Causative fault planes and largest moment magnitude (Mw) earthquake epicentres for the 4 
September 2010, 22 February 2011, 13 June 2011 and 23 December 2011 events are shown in 
Figure 1. The CES commenced on 4 September 2010, and there has been an eastward migration 
of activation of the causative faults subsequent to the September 2010 event, with the February, 
June and December earthquakes occurring within 4-10 km of the Christchurch CBD. As of 29 June 
2013 there were on-going ~3.0 magnitude aftershocks still occasionally being felt in Christchurch 
City (GeoNet, 2013; http://www.geonet.org.nz/quakes/region/newzealand/2013p484195). 
 
 
Figure 1. Locations of Canterbury Earthquake Sequence causative fault planes. Largest Moment Magnitudes 
(Mw) for the four major events and Greendale Fault surface trace (4 September 2010) are also shown. The 
fault plane for the 23 December 2011 Mw 5.9 event is indicated with a blue arrow. Also shown is the water 
supply network for Christchurch City and Banks Peninsula. 
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3.0 Potable Water System 
3.1 Introduction 
Initial research (Cubrinovski et al., 2011a; 2013) on the performance of Christchurch's potable 
water supply through the CES has shown that the network has been subjected to very large, and 
highly non-uniform, ground deformation and seismic loads which were often above the available 
network capacity to sustain such movements and loads, leading to widespread damage and 
failure/breaks. There was a clear link between liquefaction severity and pipe network damage, 
with nearly 80% of the damaged water mains being in liquefied areas. Ductile materials and 
flexible pipe systems such as Polyvinyl Chloride (PVC) and Polyethylene (PE) pipes performed very 
well, with several times less damage than other pipe materials such as Asbestos Cement (AC), 
Steel (S), and Galvanised Iron (GI). Despite the large number of system breaks, potable water 
service was restored quickly after each major CES event, and after 50 days a post-quake steady 
state of 2-3 repairs a day was reached, about four times the average of pre-quake repairs. In the 
wake of the quakes, the Christchurch City Council (CCC) has developed provisional performance 
objectives for the system based on their technical and operational scrutiny of system 
performance and community service expectations (Henderson, 2011), the achieving of which is 
aimed to provide timely service restoration after future potential events. 
While this work has elucidated the major patterns of potable water network damage and is 
important for understanding system resilience and vulnerabilities, there remains the need for 
detailed understanding of pipe system failures from a mechanics viewpoint. We have noted 
previously that our initial research focused on classes of pipe material alone, and pipe failures 
were not differentiated into failures of pipe fittings and other components, and failures of the 
pipe itself (Cubrinovksi et al., 2011a, 2013). Such details may more fully inform the criteria 
currently applied to decisions around replacing lengths of pipe in the recovery/rebuild of 
Christchurch (CCC, 2011), and will provide more comprehensive understanding of what failures 
may be expected in future events in Canterbury, around New Zealand and in cities across the 
world whose water system pipe materials are similar to those of Christchurch. 
Here are presented updated, more comprehensive and detailed analyses using recent improved 
SCIRT data sets through the CES, and pipe modes of failure as can best be determined from 
available data. As in our previous study (Cubrinovksi et al., 2011a) damage assessments are 
investigated according to pipe materials, but in this report we further address differing pipe 
diameters and characterise modes of failure. We also present preliminary damage analyses using 
conditional PGAs (Bradley and Hughes, 2012). Finally we address issues of geospatial 
infrastructure data management critical for both optimal business-as-usual and post-disaster 
asset management. 
 
3.1.1 System characteristics and development 
The Christchurch water supply system is an integrated citywide network that sources high quality 
groundwater from confined aquifers, and pumps the water into a distribution pipe network 
consisting of approximately 1700 km of watermains and 2000 km of submains (CCC 2010a). The 
water is supplied from approximately 150 wells at over 50 sites, 8 main storage reservoirs, 37 
service reservoirs and 26 secondary pumping stations. The system is divided into distinct pressure 
zones and uses bulk storage reservoirs to assist in meeting peak demands and providing for 
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emergencies. The wells and pumping stations are evenly distributed throughout the city, 
providing efficient delivery of water at a relatively uniform pressure within each zone. 
Watermains and submains are located almost exclusively within legal roads, at shallow depths 
(maximum depth 0.8 m). The preferred location for principal watermains is in the carriageway, 
about 2.0-2.5 m from the kerb. Submains are typically installed beneath footpaths approximately 
150 mm from boundaries. Submains are served from crossovers which are usually located at fire 
hydrants. All crossovers are 50 mm in diameter regardless of the submain size, with the preferred 
connection into either a tapped hydrant riser or into the main at a hydrant tee. The system is 
designed so that turning off a maximum of five valves can isolate any area in the network that 
serves no more than 50 properties. A typical layout of watermains and submains is shown in 
Figure 2 (CCC, 2010b). 
 
 
Figure 2. Example of mains and submains layout (blue lines) along a thoroughfare and cul-de-sac. FH = fire 
hydrant. From Christchurch City Council (2010b). 
 
This study uses data obtained through the Christchurch City Council (CCC) and the Stronger 
Christchurch Infrastructure Rebuild Team (SCIRT), and its spatial extent is therefore confined to 
the Christchurch City urban area and Banks Peninsula District communities within Lyttelton 
harbour. Water networks in Selwyn and Waimakariri Districts are not considered here. 
The spatial variation in pipe types across Christchurch City and Banks Peninsula reflects the 
historical development of the system (see Figure 3 to Figure 6). Although a comprehensive system 
for storm water and waste water drainage was developed in the 1870s Christchurch City did not 
have a fully reticulated potable water supply until the 1950s; until then individual boroughs were 
served by local bores visa local networks (see Clark (1878) and Wilson (1989) for historical 
background). From the 1890s the systems across Christchurch City and Banks Peninsula was 
comprised of Cast Iron (CI) and Steel (S) mains, and submains comprised of GI. From the early 
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1950s AC was the primary mains pipe material installed as the city experienced a significant 
expansion in the decade following World War 2, leading to a large fraction of the mains system to 
be comprised of this material (~52% as of 4 September 2010). Installation of GI submains ceased 
by 1980, and CI, S and AC mains stopped being installed by 1990. From 1990 trunk mains and 
mains were comprised of PVC, Concrete-Lined Steel (CLS) and Ductile Iron (DI) (~14%, ~5% and 
~4%, respectively, of trunk mains and mains at 4 September 2010). Modified Polyvinyl Chloride 
(MPVC) was trialled from 2000, but its installation ceased in 2005 following reports of poor pipe 
performance. Submains comprised of High-Density Polyethylene (HDPE) began to be installed 
from 1980, and from 2000 HDPE was also used for mains. As of 4 September 2010 at the 
commencement of the CES, Christchurch's potable water network was comprised of a range of 
materials, with GI, CI and S (13% of the system length combined) having been installed for nearly 
a century after 1890, and AC (24% of the system length) installed over four decades. More 
recently installed from 1990, PVC and MPVC mains together comprised 17% of the network. From 
the 1980s new submains were constructed from HDPE, and from 2000 MDPE80 was used - they 
comprised 29% and 14%, respectively, of the network length on 4 September 2010. 
The major pipe types and materials of the potable water system are summarised in Table 1 below. 
 
Table 1. Summary of Christchurch City and Lyttelton Harbour potable water network pipe types 
and materials as of 4 September 2010. 
Pipe 
Material 
Trunk Mains 
 
Mains 
 
Submains 
 
Crossovers 
 Total km 
% of 
Total 
Network 
 
km 
% of 
Trunk 
Mains km 
% of 
Mains km 
% of 
Submains km 
% of 
Crossovers 
  
HDPE - - 0.296 <1 845.250 56 68.951 48 914.497 27 
AC 4.819 17 849.922 52 15.285 1 0.941 1 870.968 26 
MDPE80 - - 4.649 <1 412.598 27 39.981 28 457.227 14 
PVC 0.282 1 314.813 19 67.594 4 3.556 2 386.244 12 
CI 0.081 <1 188.520 11 0.602 <1 0.008 <1 189.210 6 
GI - - 2.354 <1 154.049 10 29.563 21 185.965 6 
MPVC - - 148.379 9 0.584 <1 0.030 <1 148.993 4 
CLS 13.941 48 38.079 2 0.038 <1 - - 52.058 2 
DI 0.020 <1 51.830 3 0.000 <1 - - 51.850 2 
S 9.765 33 23.892 1 0.232 <1 0.011 <1 33.900 1 
Other 0.285 1 27.375 2 14.367 1 0.305 <1 42.333 1 
Total 
(% of 
network) 
29.193 
 
(1) 
 
1650.107 
 
(50) 
 
1510.598 
 
(45) 
 
143.345 
 
(4) 
 
3333.243 
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Figure 3. Decadal time lines of installation for Christchurch City and Banks Peninsula potable water supply 
pipe materials (1890-2012), and trench backfill characteristics. 
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Figure 4. Christchurch City and Lyttelton Harbour potable water supply trunk mains and mains mapped 
according to decade of installation. 
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Figure 5, Christchurch City and Lyttelton Harbour potable water supply submains mapped according to 
decade of installation 
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Figure 6. Christchurch City and Lyttelton Harbour potable water supply crossovers mapped according to 
decade of installation. 
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3.2 Damage Analysis 
3.2.1 Data Overview 
Water supply network 
Our previous analyses (Cubrinovski et al., 2011; 2013) relied upon network data sourced from the 
CCC. The CCC water network spatial data were developed initially in the 1990s from digitised hard 
copy plans, and the data base has been since updated for managing the city's assets with continued 
suburban expansion of Christchurch City. Spatial inaccuracies and incorrect attribute data are 
assumed to have comprised an uncertain percentage of the data, but prior to the CES it is estimated 
that more than 95% of water mains records were accurate. This accuracy was high enough to have 
overall confidence in knowledge of the system for asset management; accuracy of the submains was 
considered of less importance. However, the significant and widespread damage to the system 
through the CES has revealed unexpected data inaccuracies in the submains records as determined 
by the system repairs conducted by City Care Limited (CCL). This is particularly the case with 
approximately 200 pipes that were mistakenly designated as High-Density Polyethylene (HDPE) in the 
CCC spatial data base, but were observed by the repair contractors to be mostly GI pipes, with a 
minority being AC. This misattribution stems from when hard-copy CCC records were updated to 
electronic form, and instead of pipes being ascribed to GI or AC they were labelled according to 
previous repairs that used small sections of HDPE material. Although these misattributions comprise 
only a relatively small percentage of the system, the incorrect data has proved problematic in wider 
assessments of pipe performance for infrastructure recovery, where criteria for determining asset 
repair/replacement (CCC, 2011) depend on accurate information. 
Since the formation of SCIRT in August 2011, the original CCC water network spatial databases have 
been updated based on pipe materials observed in repairs. This has been an iterative process where 
discrepancies identified by SCIRT staff are clarified with CCL, and the SCIRT data base updated with 
best current information on pipe material and diameter. The updated network data are in turn 
transferred weekly to the CCC for their own asset management system. Prior to the CES, information 
flow from CCL to CCC was incomplete and largely anecdotal, with questionable accuracy. There 
appears to have been no overall drive for comprehensive and seamless data sharing between CCC 
and CCL to maintain accuracy, and in the pre-CES environment such issues were not pressing. 
The most recent water supply network data used here were obtained from SCIRT's GIS team in 
March 2013, and represents the most accurate picture of the system to date. Occasional 
discrepancies between pipe network information and pipe types observed in repairs are still being 
identified. 
Water network damage and repair data 
Following 4 September 2010 there was little detailed systematic documentation of pipe damage and 
repairs, although repairs to some water mains were recorded (see  
Appendix D). There were cases of misidentified pipes due to the types of field data capture devices 
being used, as discussed below. The pre-earthquake issues of data quality and information flow 
between CCC and CCL were being revealed by the CES, and the need for accurate pipe information 
was recognised. Following the severe and widespread impacts to the water network after 22 
February 2011, there was a concerted drive to electronically collect comprehensive damage and 
repair information. CCL commissioned an audit and review of their damage/repair data collection, 
knowing that inaccuracies in these data were likely to affect the efficacy of future work programmes. 
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As of early May 2011 approximately 29% of the CCL post-quake database was identified with 
confidence as being mains or submains (SKM, 2011); accordingly the damage/repair databases were 
largely considered to be unreliable and therefore personal knowledge of system performance by 
contractors and CCL personnel was depended upon. Over the last 18 months concerted efforts have 
been made by CCL and SCIRT to ensure an accurate damage/repair database to support the rebuild 
programme and inform asset management decision making. 
The most recent and updated damage/repair data were obtained from SCIRT's GIS team in March 
2013, and form the basis of analyses of pipe damage counts and modes of failure presented in this 
report. 
 
3.2.2 Methods 
Pipe damage assessment - repair counts 
Pipe repair count data used here were obtained from SCIRT's GIS team on 11 March 2013, and 
represent the most accurate picture of the system's spatial distribution and specifications up to this 
point. The data were in the form of a polyline shapefile, with number of repairs per pipe for the 
period 5 September 2010 to 5 March 2013 ascribed to each pipe record (see Figure 9). An individual 
pipe length is defined as a given pipe that does not make significant changes in direction. Where one 
pipe meets another perpendicularly or obliquely, they are considered two separate pipes (see Figure 
2).There is a very large variation in pipe lengths across Christchurch City, and recorded lengths in 
spatial databases range from 0.1 m to ~2.6 km. 
Data were first sorted according to pipe material. Records for Unplasticised Polyvinyl Chloride (UPVC) 
were merged with those of PVC pipes, based on practitioner understanding of the history and 
performance of this network component. For each major network pipe material, numbers of 
repaired pipes, affected lengths, total repairs and repairs per kilometre (repairs km-1) were calculated 
for each diameter class. Numbers of repaired pipes were assessed by summing all pipe records with 
at least one recorded repair. Total affected lengths were assessed by summing lengths for pipe 
records with at least one recorded repair. Total repairs were assessed by summing repair counts for 
each pipe material. Repairs per km were calculated by dividing total repairs by total pipe length. 
Pipe damage assessment according to liquefaction 
Comparisons of pipe damage among Liquefaction Resistance Index (LRI) zones (Cubrinovski et al., 
2011) were also conducted. The LRI was developed using land damage mapped following the 4 
September 2010 and 22 February earthquakes (see Figure 7) in combination with observed ground 
motions. The development of the LRI is described below (see Cubrinovski et al., 2011 for more 
details). 
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Figure 7. Liquefaction and land damage mapping for the 22 February 2011 Christchurch earthquake. Top: Area-
wide interpretations of liquefaction occurrence based on street reconnaissance drive-through conducted by 
the University of Canterbury (Cubrinovski et al., 2011). Bottom: Property-based land damage assessments 
conducted by Tonkin and Taylor for the Earthquake Commission. 
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LRI concept 
In the simplified procedure for liquefaction evaluation (e.g. Youd et al., 2001) a factor of safety 
against triggering of liquefaction (in a free field level ground deposit), FS, is calculated as 
 
    
      
   
                                                                               
 
where CRR7.5 is the Cyclic Resistance Ratio or liquefaction resistance while the seismic load (demand) 
is defined by the Cyclic Stress Ratio (CSR) and Magnitude Scaling Factor (MSF). Here CSR accounts for 
the amplitude of the seismic load (using the peak ground acceleration as a measure for the 
amplitude) while MSF accounts for the duration of shaking (or number of significant load cycles) 
using the earthquake magnitude as a proxy for the shaking duration. If FS ≤ 1.0, then the available 
liquefaction resistance is smaller than (equal to) the seismic load (demand) and hence liquefaction 
will be triggered (will occur) for the considered ground motion (earthquake). The simplified method 
is used as a predictive tool to evaluate the liquefaction potential at a given site for an assumed 
ground motion (Peak Ground Acceleration, PGA; Moment Magnitude, Mw) and estimated 
liquefaction resistance CRR7.5 using empirical relationships based on penetration resistance or shear 
wave velocity. 
 
Using this approach, the inverse problem could be solved to back-calculate the liquefaction 
resistance CRR7.5 based on records of ground motions and observed liquefaction manifestation due to 
an earthquake. In the inverse problem, CSR and MSF are calculated using actual records of peak 
ground accelerations (PGA) and the earthquake magnitude (Mw) respectively, while FS is estimated 
from the observed severity of liquefaction manifestation, and eventually the liquefaction resistance 
is back-calculated as: 
 
        
      ̅̅̅̅
   
           ̅̅̅̅                                                               
 
Here CSR7.5 is a function of PGA and Mw whereas FS is a function of the severity of liquefaction 
manifestation. This approach was adopted to calculate a so-called Liquefaction Resistance Index 
(LRI), produce an LRI map and develop liquefaction zoning for Christchurch based on LRI, as described 
below. 
 
There are a couple of advantages of this approach. First, it allows us to quantify actual earthquake 
observations and summarize them in the form of liquefaction zoning (hazard) map. Second, using this 
approach we could quickly develop preliminary liquefaction zoning for the needs of CCC and their 
immediate decision-making before a more robust zoning/analyses based on high-quality 
geotechnical data could be completed. 
 
CSR7.5(wt) values from the Darfield and Christchurch earthquakes 
CSR7.5 is a function of the PGA on the ground surface, considered depth in the deposit and water 
table depth, i.e. CSR7.5 = f[PGA, z, wt(z)]. When the water table is at shallow depths, then the effects 
of z and wt(z) diminish and the cyclic stress ratio effectively reduces to a function of PGA alone, i.e. 
CSR7.5(wt) = f[PGA]. Thus, using the geometric mean peak ground accelerations recorded at the 
strong motion stations within and in the vicinity of Christchurch during the Darfield and Christchurch 
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earthquakes, CSR7.5(wt) were computed at the strong motion stations and then were interpolated 
across Christchurch using ordinary kriging interpolation. 
 
For the Christchurch potable water system the pressurised pipe network is typically at shallow 
depths of about 0.8 m, while the wastewater pipes are predominantly at depths from 2.0-3.5 m. In 
addition, for most of the suburbs that experienced liquefaction in Christchurch, the water table was 
high, at about 1 m to 1.5 m from the ground surface. For these reasons, the liquefaction zoning for 
pipe networks was focused on the shallow depths of the deposits corresponding from the depth of 
the water table to 2 metres below the water table.  
 
Estimated FS values based on liquefaction observations from the Darfield and Christchurch 
earthquakes 
A key issue in the calculation of LRI maps is the assumption/evaluation of the factor of safety FS. We 
have to assume the factor of safety for both areas that did, and areas that did not liquefy during the 
earthquakes. 
 
For the liquefied areas, the factor of safety was defined based on the severity of manifested 
liquefaction in the field, as follows. Since triggering of liquefaction yields by definition FS = 1.0, traces 
of liquefaction, low to moderate liquefaction and moderate to severe liquefaction were given FS 
values of 0.9, 0.75 and 0.50 respectively. In other words, FS decreases with increased severity of 
liquefaction manifestation. An FS of 0.5 indicates that the available cyclic strength of the soil was half 
of the seismic load induced by the earthquake. For cases of extreme or very severe effects of 
liquefaction, an FS value of 0.25 was adopted. 
 
In the non-liquefied areas, it was conservatively adopted that in areas where the water table was at 
1m or 2m depth, that FS was slightly above the threshold triggering value or 1.1 and 1.25, 
respectively. Then FS was increased with the water table depth since it is well known that a thick 
crust decreases the likelihood of occurrence and surface manifestation of liquefaction. Thus, FS = 1.5, 
1.75 and 2.0 was adopted for areas with depth to water table of 3.0, 4.0 and 5.0m. 
 
This approach was applied to establish an LRI map for Christchurch using the liquefaction maps 
shown in Figure 7 and CSR7.5(wt) distribution calculated based on the magnitude and recorded PGAs 
for the Darfield and Christchurch earthquakes. Note that the UC liquefaction map (Fig. 7, Top) was 
the principal map used in the evaluation of LRI, and the T&T map (Fig 7, Bottom) was employed only 
in areas that were not covered by the UC map. By multiplying the FS values with the respective 
CSR7.5(wt) the LRI value was calculated and summarised in Figure 8 in the form of a Liquefaction 
Resistance Index map of Christchurch. Here orange, yellow, green and blue indicate Zones 1, 2, 3 and 
4, with Zone 1 being the reference zone. The red zone covers predominantly the abandoned areas or 
the Residential Red Zone and is below the established threshold LRI value of 0.065. Note that the 
zone numbers also indicate the relative liquefaction resistance. Thus, for example, Zone 3 has three 
times the liquefaction strength of the lower bound value of Zone 1. 
 
To further facilitate the use of the LRI map in preliminary design evaluations, Table 2 summarizes the 
typical range of settlements, ground displacements and strains associated with each LRI zone. These 
are based on expert judgement and should be taken only as preliminary estimates with further 
updates to follow based on more robust interpretation and analysis. 
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For the grey zone, there were no liquefaction observations/inspections, and therefore these areas 
are outside of the LRI zoning, and should be considered/evaluated separately.  
 
Pipe damage analysis 
The damage to the pipe network was correlated to the LRI zones using the methodology described 
below. To avoid difficulties where an individual pipe traversed the boundary between two LRI zones, 
the mid-point of each pipe was defined (half-way along pipes of any length) and intersected with the 
LRI map (see Figure 10). For each major network pipe material within each LRI zone numbers of 
repaired pipes, affected lengths, total repairs and repairs per km were calculated for each diameter 
class. 
 
 
 
 
 
 
Figure 8. Liquefaction Resistance Index (Zoning) for Christchurch City. Associated ground deformations are 
shown in Table 2. 
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Table 2. LRI Zones and associated ground deformation (settlements, lateral displacements and strains). 
LRI 
Zone 
Equivalent 
CRR 
Representative 
LRI (at water 
table) 
Ground 
settlement 
(mm) 
Lateral displacement 
(relative; transient) 
(mm) 
Assumed ground 
strains and 
thickness of 
liquefied layer 
0 < 0.065 - > 500 > 400 εv > 5%, γ > 4%, 
HL=5 – 10m 
1 0.065 – 0.11 0.065 250 – 500 200 - 400 εv = 5%, γ = 4%, 
HL=5 – 10m 
2 0.11 – 0.16 0.13 50 – 250 40 - 200 εv = 3%, γ = 2%, 
HL=4 – 8m 
3 0.16 – 0.23 0.195 20 – 50 20 - 40 εv = 1%, γ = 1%, 
HL=2 – 4m 
4 > 0.23 0.26 < 20 < 20 γ < 0.5%, 
HL=0m 
- Design should accommodate the higher value of displacement/deformation 
- εv = volumetric strain, γ = shear strain 
- The table and LRI map are for preliminary use and restricted to the water / wastewater systems of Christchurch 
 
 
Pipe damage assessment - modes of failure 
Modes of failure were determined using contractor descriptions of repair jobs within an updated and 
cleaned CCL point database of pipe repairs. Some contractor comments required clarification with 
CCL staff. Each job record was assessed for information on the nature of pipe damage and/or 
information on materials used in the repair, or if there was no useful information on either of these 
aspects. Those records where pipe damage was described were further classified into two classes: 
damage to the pipe itself, and damage to fittings. 
The repair database did not contain specific information on pipe materials or diameters. This 
information was assigned to the individual repair records from the SCIRT repair count database 
(Figure 9), using each pipe's unique identifier code to join the two datasets (i.e. for properties and 
damage, respectively). This process revealed that ~200 records had discrepancies between pipe 
material as stated in the repair count data and that described by contractors who conducted repairs. 
These discrepancies accounted for ~13% of GI repairs that were mis-classified as HDPE. The main 
reason for these discrepancies, as described earlier, was due to small sections of repair material 
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(HDPE) being ascribed to the whole GI pipe lengths when the electronic records were updated by 
CCC. For this analysis and that of the peak ground acceleration analysis presented below, the 
contractors' descriptions of pipe materials were considered accurate, and therefore used. After 
reviewing the data a total of 6094 classified repair records were assessed as suitable for this analysis. 
The final repair data were also used for establishing the time lines of repair jobs presented in Figure 
12 and Appendix D. 
 
Water network trenches 
Pipe trench characteristics have also changed over time (Figure 3). From the first development of the 
network, trench backfill material was either the locally excavated soil material if soil particle size was 
appropriate (sands through to fine gravels), otherwise fine gravel material was imported from 
quarries situated on the city margins. From 1984 trench construction was standardised so that all 
pipes were emplaced in a sand layer covered with AP40 gravel mix. There was a programme of 
backfill compaction testing to identify the optimum mix to prevent trench settling, which was 
impacting road surfaces. From 2005 an AP20 gravel mix has been used, as it was determined to be 
less abrasive and damaging to pipe materials than the AP40. 
A preliminary interpretation of spatial variability in trench construction across the Christchurch City 
urban area was developed here. Using the mapped soil data of Webb et al. (2010), descriptions 
indicating soil textures from sandy to loamy gravels were identified as areas of locally excavated 
trench backfill materials; other soil textures including dominantly loamy soils and peats were 
identified as areas of imported trench backfill materials. These two classes were assigned to those 
sections of the pipe network installed prior to 1984; installation dates were also used to identify 
areas of AP40 and AP20 fill. 
 
Peak ground acceleration 
Spatial distribution of PGA was computed by Bradley and Hughes (2012) based on strong-motion 
station records for 4 September 2010, 22 February 2011, 16 April 2011, 13 June 2011 (two events) 
and 23 December (two events). The PGA data were interpolated to a 100 m-resolution grid, and 
across the spatial extent of the water supply network a 1 km grid was generated (Figure 11a). Within 
each 1 km grid cell a series of regular sampling points (100 per 1 km grid cell) was generated to 
sample the 100 m-resolution PGA grid (Figure 11b). Mean PGA values were calculated from the 100 
sample points and then ascribed to their bounding 1 km grid cell (Figure 11c). For both 13 June 2011 
and 23 December 2011 where there were two major earthquakes on each of those days, and thus 
the highest mean PGA value experienced that day within a given 1 km grid cell was used in the 
analysis. 
In order to illustrate the above methodology, a preliminary analysis of AC repair rates versus PGA is 
provided here. For each 1 km grid cell the total length of AC pipe was calculated, and for each CES 
event under consideration the number of AC repairs within the 1 km grid cells were summed (Figure 
11d). This analysis does not discriminate between AC pipe diameters, nor does it discriminate 
between repairs to the pipe body versus pipe fittings. 
To further assess pipe damage against ground performance, the 1 km grid cells were assigned to a 
LRI zone (Cubrinovski et al., 2011) (Figure 11e). This was achieved by determining which LRI zone 
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comprised the greatest fraction of each 1 km grid (Figure 11f). 
Note that the above methodology was adopted for preliminary analysis, and that further analyses 
using a more rigorous methodology are currently under way.  
 
 
 
Figure 9. Numbers of repairs per pipe in Christchurch City and Lyttelton Harbour over the period 5 September 
2010 to 5 March 2013. 
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Figure 10. Locations of repaired potable water pipe midpoints within the LRI analysis area, and LRI zones. 
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Figure 11. Method for AC pipe breaks PGA analysis, using 22 February 2011 as an example. (a) Interpolated PGA 
(100 m resolution) across the Christchurch region (Bradley and Hughes, 2012), with the city area divided into 1 
km grid cells. Grid cells covering the extent of the AC pipe network are shown. (b) Within each 1 km grid cell, 
100 points were generated to sample the PGA model. (c) The mean PGA calculated from the 100 sampling 
points was ascribed to each 1 km grid cell. (d) For each 1 km grid cell, total length of AC pipe and total number 
of breaks AC were determined. (e) In addition, each 1 km grid cell was assigned to a LRI zone (Cubrinovski et al., 
2011), based on which LRI zone comprised the greatest spatial extent within each grid cell (f). 
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3.2.3 Results 
Pipe Repair Time Line 
Previous studies have highlighted the frequency of water network repairs through the CES (O'Rourke 
et al., 2012, 2013; Cubrinovski et al., 2013). Prior to the CES, the Christchurch water network repair 
rate was approximately 0.5 per day. Following each major earthquake event the initial repair 
frequency was very high, with an average of 40 repairs per day in the first three weeks after the 
earthquake, with a reduction to approximately 2-3 repairs per day after 50 days. 
Here we present updated daily repair counts and cumulative repair plots for the period 5 September 
2010 to 30 June 2012 (Figure 12). As seen in previous summaries (O'Rourke et al., 2012, 2013; 
Cubrinovski et al., 2013) there were significant numbers of repairs in the weeks after 22 February 
2011 and 13 June 2011, but no apparent comparable increase after 23 December 2011.   
In Appendix D are presented timelines of CCL repairs disaggregated into pipe materials and 
diameters, along with Canterbury region earthquake Moment Magnitudes (Mw) from 4 September 
2010 to 30 June 2012. There was little systematic recording of repair jobs after initiation of the CES 
on 4 September 2010. However after 22 February there was a clear increase in recorded repair jobs 
for most pipe types. Over the two weeks after this event GI submains repairs peaked at >60 repairs in 
one day, and AC mains repairs peaked at >50 repairs in one day. CI mains, HDPE submains/crossovers 
and MDPE80 submains/crossovers also showed a distinct increase, but with fewer overall repairs. For 
GI, AC, CI and MDPE80 there was also a distinct but less pronounced increase in repair rates after 13 
June 2011 and even less so after 23 December 2011. PVC, MPVC and MDPE80 showed very low 
repair rates. When viewed from the perspective of pipe diameters, the repair rates reflect the most 
commonly used spatially/extensively pipe diameter for a given pipe material. Repairs for all materials 
occurred not just the weeks following each major event, but continued at lower rates in the following 
months throughout the CES up to 30 June 2012. 
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Figure 12. Daily potable water repairs through the CES, presented as daily counts (top), cumulative counts 
(middle) and normalised cumulative counts (bottom). 
23 
 
 
Pipe Repair Rates According to Material, Diameter and Liquefaction Resistance Index Zoning 
Repairs for pipe materials across Christchurch City and Banks Peninsula are presented in Figure 13 in 
order of increasing repairs km-1. MPVC, PVC, MDPE80 and DI had <1 repair km-1, HDPE had 1.9 repairs 
km-1, AC and S had 2.3 and 2.7 repairs km-1, respectively, CI and CLS both had 3.2 repairs km-1, and GI 
had the highest rate of 8.9 repairs km-1. 
Establishing definitive differences in repair rates between pipe diameters within a given pipe material 
type is problematic due to unequal total lengths, and the fact that materials for different network 
components are usually restricted to only a few diameter classes. However, PVC pipes have been 
used as both submains/crossovers (40 mm and 50 mm diameter) and mains (100 mm, 150 mm and 
200 mm diameter) of sufficient length to enable comparison (Figure 14a). Submains repair rates 
ranged 0.7-1.0 repairs km-1, and 100 mm diameter mains also had a rate of 0.9 repairs km-1. With 
increasing mains diameters there is a distinct decrease in repair rate, with 150 mm diameter pipes 
having a rate of 0.6 repairs km-1. Highest repair rates were for 25 mm (0.9 repairs km-1, although 
these comprise only ~3% of the PVC network) and 40 mm diameter (1.0 repairs km-1) submains, and 
100 mm mains also had a rate of 0.9 repairs km-1. Mains of 150 mm diameter had a rate of 0.6 
repairs km-1. Repair rates further decreased with increasing diameter: 175 mm and 200 mm diameter 
mains both had a rate of 0.4 repairs km-1, and 300 mm diameter mains had a rate of 0.3 repairs km-1.  
Up to the commencement of the CES on 4 September 2010, AC pipes comprised a significant 
component of Christchurch’s mains system (approximately 771 km length). Different AC diameters 
showed distinct differences in repair rates (Figure 14b). 100 mm mains had a rate of 3.1 repairs km-1, 
150 mm and 200 mm pipes and similar rates of 1.7 and 1.8 repairs km-1, respectively, and 300 mm 
diameter pipes had a rate of 1.2 repairs km-1. See Appendix C for all tables of repair rates for each 
diameter class within each pipe material category. 
 
 
Figure 13. Left: Summary repair data for different pipe materials. Right: Percentage length of each pipe 
material affected by CES damage. Affected percentage length of the the entire network is presented in 
parantheses. 
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Figure 14. Repair data for PVC (a) and AC (b) pipes according to pipe diameters. Data cover the period 5 
September 2010 to 5 March 2013. 
 
 
Figure 15. Summary repair data for the potable supply network within Liquefaction Resistance Index zones (see 
Figure 10). Data cover the period 5 September 2010 to 5 March 2013. 
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Figure 16. Summary repair data for dominant pipe materials for the potable water supply system (a) and the 
waste water system (b) in different LRI Zones. AC= Asbestos Cement 
 
A subset of the water network repair data within the LRI analysis area (Cubrinovski et al., 2011; 2013) 
shows clearly that for all pipe material types, there is a consistent decrease in repair rate from LRI 
Zone 0 to LRI 1 (Figure 15 and Figure 16) and further decrease in repair rates with increasing 
liquefaction resistance (LRI). Unfortunately the highly variable numbers of pipes with different 
diameters with LRI zones makes it problematic for rigorous comparisons with regard to pipe 
diameters. However, data indicate that there is an overall decrease in repairs km-1 with increasing 
pipe diameter, particularly for PVC and AC (Appendix E). 
 
Trench Backfill Characteristics  
Figure 17 presents trench backfill characteristics across Christchurch City. This is a simplified 
presentation based on the year of construction which does not consider details such as particularities 
of quarried gravels used through the decades, and pipes installed by direct drilling methods. Yet the 
data illustrates the trench backfill spatial complexity, within which the water network of differing 
pipe materials of varying age is embedded. Through the CES there have been examples of trench 
materials that have retained their integrity through multiple earthquakes and liquefaction events, 
evidenced by upraised trenches in road surfaces that had largely settled through compaction. A 
better spatial characterisation of trench materials would aid understanding of pipe performance 
through the CES including the benefit or lack of it when using a particular backfill material. 
With these caveats in mind, some trends are evident in the trench data (Figure 18). For AC pipes in 
LRI Zones 0-3, repair rates are consistently higher in native soil backfills then for imported gravels or 
AP40 mix. HDPE repair rates are also highest in native soils in LRI Zones 0 and 1, but in LRI Zones 2 
and 3 repair rates are lower in native soils than for imported gravels and AP40 mix. GI pipe repairs 
per km in LRI Zone 0 are highest in AP40 mix, and significantly lower for imported gravels and native 
soils, whereas for LRI Zones 1-3 the highest repair rates are in imported gravels backfill. 
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Figure 17. Trench backfill characteristics for the potable water system in Christchurch City and Lyttelton 
Harbour. 
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Figure 18. Pipe material repair rates for trench backfill characteristics within each LRI Zone. 
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Modes of Failure 
Pipe repair records were initially classified into three categories: nature of damage to the pipe itself, 
type of damage to pipe fittings, and no damage information (unspecified faults). Across all pipe 
damage repair records reviewed, (n=6094), 21% specified pipe damage, 35% specified fitting 
damage, and 44% contained no useful damage information. There was considerable variation 
between pipe materials in the damage information described (Figure 19). 
Based on known failure modes, AC was the only pipe material where most of the damage was to the 
pipe itself (62%) compared to fittings (38%). For all other major pipe materials, the dominant failure 
modes occurred on pipe fittings (HDPE = 82%; MDPE80 = 90%; PVC = 80%; CI = 79%; GI = 58%).   
Definitions of damage categories are provided in Table 3, further details of failure modes are 
presented in Figure 20, and examples of pipe damage and fittings are presented in Figure 21 - Figure 
32. As shown in Figure 20, for AC and GI pipe the dominant failures are to the pipe body, with 
circumferential and longitudinal splits relatively common for AC, and pinhole repairs relatively 
common for GI. For the remainder of pipe materials most failures were to fittings, with damage to 
property connection, coupler and gibaults most common. 
 
 
Figure 19. Major damage categories for different pipe materials through the CES over the period 4 September 
2010 to 30 June 2012. The dominant fitting materials used for each pipe material are noted in parentheses. 
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Table 3. Definitions of most commonly occurring pipe failures. 
Pipe Damage Category Definition 
Blown Section of the pipe wall blown outward. Also referred to as "bursts" by repair 
contractors. 
Circumferential Split Also referred to as a "broken back", "ring crack" or "snapped" by repair 
contractors. The pipe has split around its circumference leading to complete 
failure, sometimes accompanied by horizontal or vertical misalignment of 
the separated pipe sections. Most common in AC mains. See Figure 21. 
Collar Sleeve of material the same as that of the pipe body, used to connect two 
pipes. Commonly fractured or disintegrated. Specific to AC, PVC and CLS 
mains. See Figure 22. 
Longitudinal Split Usually referred to as "split" by repair contractors. Pipe has split parallel to 
its length, often along pipe seams. See Figure 22 and Figure 23. 
Pinhole Very small holes, often only visible when pipe is pressurised. Most often 
found in GI submains. 
Unspecified break Potentially one of the above damage modes to the pipe body but repair 
contractor has not specified which. 
Fitting Damage Category Definition 
Bend Also known as "elbow", a curved section to enable change of pipe direction. 
See Figure 27. 
Coupler Connects two pipes, often broken or loose. 
Gibault Connects two pipes, often broken or loose. See Figure 28. 
Lead Joint Malleable lead seal used to join two pipe sections. Usually squeezed from 
original configuration by pipe movements and able to be hammered back 
into place. Specific to CLS and CI mains. 
Pipe Connection Also referred to as "saddle" by the industry. Connects submains/crossovers 
to mains. Fitted around circumference of main. Often broken or loosened. 
See Figure 29. 
Property Connection Also referred to as "tapping band" by the industry. Same 
function/configuration as pipe connections but connects submains to lateral 
pipes supplying properties. Often broken or loose. 
Tee Connects a given pipe to two others perpendicular to it. See Figure 30. 
Valve/Gate Valve Valves enable closing/opening of mains water flow. Gate valves enable 
closing/opening of submains water flow to properties. See Figure 30. 
Previous repair Often comprised of repair clamps (see Figure 31) that need re-tightening or 
replacing. Can include Gibault-PVC combinations (Figure 28) that replace 
broken section. Difficult to ascertain with certainty is the previous repair if 
from earthquake damage or failure prior to the CES. 
Unspecified fitting Potentially one of the above fitting damage modes but repair contractor has 
not specified which. 
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Figure 20. Failure modes for major potable water pipe materials for the period 4 September 2010 to 30 June 
2012. Further details are presented in Appendix G. 
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Figure 21. Circumferential split (indicated) on AC 
main, Rowan Avenue. Photo: Courtesy of Hugh 
Blake-Manson, CCL. 
 
 
Figure 22. AC main broken collar and longitudinal split. 
Photo: M. Hughes. 
 
 
Figure 23. Longitudinal split on AC main. Photo: M. 
Hughes. 
 
 
Figure 24. Broken CI main. Photo: M. Hughes. 
 
Figure 25. Bursts in the wall (indicated) of a CLS 
main. Photo: M. Hughes. 
 
Figure 26. PVC mains. Photo: M. Hughes. 
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Figure 27. Mains bend. Photo: M. Hughes. 
 
 
Figure 28. Gibault (indicated) joining two pipes. 
Photo: M. Hughes. 
 
 
Figure 29. Pipe connection (indicated), into which 
submains are connected. Photo: M. Hughes. 
 
 
Figure 30. Mains tee, bend and valve. Photo: M. 
Hughes. 
 
 
Figure 31. Repair clamps. Photo: M. Hughes. 
 
Figure 32. Submains fittings: coupler, tee and bend. 
Photo: M. Hughes 
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Peak Ground Acceleration and Ground Performance 
The spatial distribution of PGA and magnitude-weighted PGA7.5 for 4 September 2010, 22 February 
2011, 13 June 2011 and 23 December 2011 is shown in Figure 33 to Figure 36, along with AC pipe 
repair locations in the weeks and months after each event up to the following large aftershock (post-
23 December 2011 repairs extend to 30 June 2012). It is evident that post-22 February 2011 AC 
repairs were the most numerous, with clusters of AC damage in areas corresponding to high PGAs 
and associated permanent ground deformations. There appears to be similar spatial clustering post-
13 June 2011, but AC damage locations are more evenly spread across the Christchurch urban area 
post-4 September 2010 and post-23 December 2011. 
Results of the AC breaks km-1 versus PGA7.5 analysis are shown in Figure 37. Shown here are results 
only for those 1 km grid cells where there was at least 1 repair km-1, and results are not shown from 
grid cells with no AC damage. The PGA7.5 experienced by damaged AC pipes and associated pipe 
breaks fall into distinct clusters depending on CES event (see top graph in Figure 37), which reflects 
distance from the causative faults: 4 September 2010 PGA7.5 ranged 0.16 to 0.34 g, with a maximum 
of 1.8 breaks km-1; 22 February 2011 PGA7.5 ranged 0.10 to 0.58 g, with a maximum of 9.9 breaks km
-
1; 13 June 2011 PGA7.5 ranged 0.07 to 0.39 g, with a maximum of 9.3 breaks km
-1; and 23 December 
2011 PGA7.5 ranged 0.07 to 0.27 g, with a maximum of 3.2 breaks km
-1. 
The extent of transient and permanent ground deformation induced by liquefaction depend upon 
local soil and groundwater conditions captured in the LRI. Figure 37 (bottom graph) shows AC breaks 
km-1 versus PGA7.5 discriminating between different LRI zones, with logarithmic power curves fitted 
for each set of LRI zone data. Despite the scatter evident in the data, for a given PGA7.5 value breaks 
per km are in general higher in zones with lower liquefaction resistance or LRI, with a consistent 
trend in the relationship as a function of LRI. 
It is important to emphasize that further studies using more rigorous methodology are currently 
under way; it is anticipated that this more rigorous evaluations will produce improved damage 
correlations based on LRI. 
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Figure 33. Top: Peak Ground Accelerations (g) across Christchurch City on 4 September 2010, with subsequent 
AC pipe repair locations shown. Bottom: Correction for PGA7.5. 
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Figure 34. Top: Peak Ground Accelerations (g) across Christchurch City on 22 February 2011, with subsequent 
AC pipe repair locations shown. Bottom: Correction for PGA7.5. 
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Figure 35. Top: Peak Ground Accelerations (g) across Christchurch City on 13 June 2011, with subsequent AC 
pipe repair locations shown. Bottom: Correction for PGA7.5. 
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Figure 36. Top: Peak Ground Accelerations (g) across Christchurch City on 23 December 2011, with subsequent 
AC pipe repair locations shown. Bottom: Correction for PGA7.5. 
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Figure 37. PGA7.5 versus breaks km
-1
 for AC pipes across Christchurch City. Top: Data plotted according to CES 
events. Bottom: Data plotted according to LRI Zone, with power curves fitted. Power fit equations are 
presented in Table 4. Note that data points outside of the LRI Zones are excluded. 
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Table 4. Power fit equations for curves presented in Figure 37Error! Reference source not found.. BR=Break 
Rate. 
LRI Zone Power Fit Equation 
0 ln(BR) = 1.937556912 × ln(PGA7.5) + 3.689079239 
1 ln(BR) = 1.505203382 × ln(PGA7.5) + 2.604857021 
2 ln(BR) = 0.9622850792 × ln(PGA7.5) + 1.197952162 
3 ln(BR) = 0.5311704354 × ln(PGA7.5) + 0.3612575905 
4 ln(BR) = -0.1205609288 × ln(PGA7.5) - 1.797476719 
 
 
3.3 Lessons from the Canterbury Earthquake Sequence 
3.3.1 Performance of potable water system in CES 
The water network repair time lines (Figure 12) illustrate clearly the magnitude of post-earthquake 
repair response in the face of widespread damage, particularly after 22 February 2011. These data 
support the general picture of repair rates presented by O'Rourke et al. (2012), and provide further 
insight into the behaviour of pipes with different diameters. For those components of the network 
where comparisons are rigorous, there is a clear decrease in repair rates per km with increasing pipe 
diameter. 
Using a larger, more accurate data set of pipe repair counts than used in previous studies (e.g. 
Cubrinovski et al. 2011, 2013; O'Rourke et al. 2013), this report provides an updated pipe material 
performance in terms of repairs km-1. This largely supports previous findings. When pipe materials 
are further classified according to the LRI zone (Cubrinovski et al., 2011) in which they are located, 
we find that failure rates across all pipe materials are higher in zones with lower liquefaction 
resistance (LRI). Where comparisons of pipe diameters are valid, larger-diameter pipes perform 
better than those with smaller diameters, most likely due to increasing pipe wall thickness as well as 
the large number and potentially lower quality fittings/details in small diameter pipes. These 
performance data include repairs conducted after the 13 June and 23 December 2011 events that 
were not included in our initial analyses. The use of this long-term integrated data set in combination 
with the LRI demonstrates the utility of the LRI in understanding the geospatial distribution of water 
network failures in response to both transient and permanent ground deformation and their effects 
on the damage and performance of potable water pipes. 
The increase in repair jobs after 22 February, 13 June and 23 December 2011 is an obvious response 
to these damaging events. However the on-going failure/repair rates in the months following each 
event is higher than that prior to the CES, which has implications for understanding post-event 
system resilience. It seems likely that the events of 4 September 2010 and 22 February, 13 June and 
23 December 2011 initiated weaknesses that manifested or were detected later as failures requiring 
repairs. The increase in AC repair rates in the western suburbs (e.g. Ilam and Avonhead) following the 
23 December 2011 earthquakes clearly suggests a cumulative effect of the earthquakes and 
progressive increases in damage to a point where repairs were eventually required. As shown in 
Figure 36, the need for AC repairs occurred in spite of the significantly smaller seismic demand 
(PGA7.5) for these pipes imposed by the 2011 December earthquake clearly showing that the integrity 
of the pipes and this part of the network has deteriorated quite substantially over CES. Alternatively, 
the system may have been overloaded by the “new” state of the network placing larger serviceability 
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demands on the still-operational components, as well as system pressure changes resulting from 
cessation and re-establishment of water flow during the repair process though the reasoning does 
not apply to the previously mentioned area in the western Christchurch. The combination of quake-
stressed and damaged pipes and fluctuating pipe water pressures resulting from repairs to the 
system are likely to explain the higher on-going failure rate. On-going failures into 2013, with only 
very occasional minor aftershocks occurring, have also been anecdotally attributed by CCL staff to 
long-term ground settlement. These are clear indications that the sensitivity of the system to ground 
movements has increased substantially throughout CES. 
It is difficult to establish definitively general patterns of pipe failure modes, due to relatively small 
samples sizes and significant numbers of records with no damage/repair information. However from 
the information that is available pipe failures are divided between damage to pipe body itself and 
pipe fittings. With the exception of GI, pipe fittings are comprised of materials different to that of the 
pipe to which they are attached. This does not seem to be problematic for our determinations of 
pipe performance, as illustrated by correlations between AC breaks per km and PGA (Figure 37), and 
these damage patterns tend to reflect the relative brittleness/ductility of the pipe materials 
regardless of fitting construction. 
Despite the lack of comprehensive fault descriptions across all pipe types, the data that have been 
obtained provide insight into potential physical mechanisms underlying failure modes directly 
attributable to large-magnitude events. The occurrence of circumferential splits on pipes such as AC, 
CI and CLS reflect differential ground movements leading to failures in the body of the pipe itself. 
Conversely, there are a significant proportion of failures classified as bursts and longitudinal splits, 
and these failure mechanisms are associated with pipes being subjected to extreme pressures from 
within (see Ogawa et al., 1994). Since most Christchurch water pipes operate under low steady 
pressure (30-50 m; metres of head pressure, 1 m = 10 kPa), in order to create longitudinal crack 
failures the pressures from hydraulic transients must be very large (100 m; Pedro Lee, pers. comm.). 
Such extreme pressures will not only cause pipes to crack but is also likely responsible for fitting 
failures as shock waves propagate around the network. This suggests that high-pressure hydraulic 
transients can induce pipe failures in addition to the dominant influence of earthquake-induced 
differential land movements. If one considers only the data for failures of the pipe body presented in 
Appendix G and assumes that 50% of the reported longitudinal splits and 100% or all failures of the 
blown pipe type are attributed to hydraulic pressures than approximately 15% to 25% of the 
observed damage to the pipe body itself could be related to the high hydraulic pressures. Further 
research is needed to quantify the contribution of this particular mechanism to the overall failure 
rate. 
The types of trench backfill appear to play a key role in pipe performance. In LRI Zones 0 and 1 the 
higher damage rates for HDPE and AC within native soil trench backfills suggests that these backfill 
materials are less protective of these pipes than are imported gravel and AP40 backfills. This is also 
the case for AC, PVC and CI pipes in LRI Zone 2. Conversely, GI pipe materials within native soils have 
similar to lower repair rates than for both imported gravel and AP40 for all LRI Zones. The use of 
AP40 was discontinued from ca. 2005 due to it being considered too abrasive for some pipe 
materials. The higher GI repair rates in AP40 backfill may reflect this abrasiveness on the widely-
corroded GI network, whereas native sandy backfill materials appear to offer greater resilience to 
liquefaction impacts. 
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3.3.2 Water Network Database Management Issues 
Prior to amalgamation of separate local boroughs into the CCC in 1990, the paper-based plans of pipe 
locations was already being digitised into electronic form able to be managed in a GIS. Due to this 
digitising process being perceived as a simple data entry task, non-experts were initially employed, 
leading to considerable variability in the quality of this spatial information between boroughs. For 
example, small sections of repair material (HDPE) were ascribed to the whole pipe length (GI or AC) 
when records were updated to a GIS. With amalgamation in 1990 these disparate datasets were 
merged into a new system still containing these legacy data quality issues, and discrepancies 
between pipes in the GIS and pipes in the field have been observed since by CCL contractors in the 
course of normal network maintenance. It was assumed that by the commencement of the CES >90% 
of the data were correct, with the mains pipes in particular having high enough accuracies to instil 
confidence in the GIS system. However, the CES has served to highlight errors in the submains data 
with the focus on using these spatial datasets to document system damage and prioritise repair 
works programmes. Such errors have proved problematic for efficient decision making based on 
criteria that incorporate pipe types (such as CCC, 2011). Updating the accuracy of the water network 
by SCIRT, and forwarding the updated data for CCC’s own databases, has been an important task 
over the last 18 months. This suggests that, in principle, local authorities and managers of such 
systems need to be vigilant in keeping databases accurate and current. 
A second issue is the pre-CES separation of the water network database within CCC into one for 
managing the physical infrastructure and another for asset management from a financial perspective. 
While this separation may have been considered necessary in a large organisation such as CCC, one 
consequence prior to and during the CES has been the potential alteration of one database without 
the other being simultaneously updated. There has been at least one instance where unique 
identification codes for individual pipes within the asset management database appear to have been 
altered for billing or other reasons in a unilateral decision, without the corresponding pipe records in 
the physical infrastructure database being updated. This situation is problematic within CCC, and also 
has implications for CCL which also use the databases in the course of their maintenance works. 
A third key issue is the flow of information from CCL to CCC, and subsequently from CCL to SCIRT. 
Prior to the CES, repair information from CCL was sometimes incomplete and anecdotal, with 
questionable accuracy. Following 4 September 2010 the main focus of CCL and its contractors was to 
repair evident water system bursts, but there appears to have been little systemic data capture on 
repair locations and fault descriptions, as evidenced by the paucity of data for most pipe types in the 
period between 4 September 2010 and 22 February 2011 (see Figure 12 and Appendix C). Along with 
occasional field misidentification of pipe types, a significant problem in data collection was the use of 
hand-held Personal Digital Assistant (PDA) devices, the screens of which proved too small for users to 
accurately locate pipes and define repair locations. In the absence of detailed and quantitative 
information being collected in this period, personal knowledge and local observations by contractors 
were overwhelmingly relied upon by CCC staff to assist with pipe renewal decisions. Following 22 
February 2011 there were concerted efforts by CCL to accurately capture data electronically, with 
increased use of high-resolution Global Positioning System (GPS) geo-location, and larger-screened 
tablet devices being used to enable accurate identification of pipes in the field. Issues of data quality 
were also addressed by CCL by commissioning an audit of repair data that identified as of early May 
2011 approximately 29% of the CCL post-quake data were identified with confidence as being mains 
or submains (SKM, 2011); accordingly the damage/repair data bases were largely considered to be 
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unreliable and therefore personal knowledge of system performance by contractors and CCL 
personnel was depended upon. 
Despite the deficiencies in data capture and ensuring data quality, the resulting spatial database of 
post-earthquake water network repairs compiled through the CES is one of the most comprehensive 
ever collected. The widespread spatial coverage across Christchurch City has enabled the correlation 
of pipe repairs with PGA and ground performance. However, due to the significant lack of detailed 
pipeline damage information it is difficult to draw definitive patterns of failure modes even for those 
pipe types with widespread and numerous breaks (i.e. AC and GI), and this failure to record 
information on damage (whether pipe body or fitting, and nature of fault) has hampered in-depth 
engineering-science analysis of system performance. The failure to consistently record useful 
information through the CES is due to a range of reasons including: lack of prioritising such data 
recording by contractors in the field, either due to urgency of repairs and/or lack of education about 
the importance of data collection; appropriate field GPS/mobile GIS devices not being possessed by 
contractors; particularly after 22 February 2011, an influx of water supply contractors from around 
New Zealand who were not informed of the importance of collecting damage information.  
Where information was collected by contractors in the field, a significant percentage of it was not 
useful for determining the nature of the fault. It was also difficult to identify the nature of the fault 
from repairs made, because the main repair methods (such as installation of repair clamps, or 
removing a pipe section and replacing with a length of PVC pipe) could be applied to a range of pipe 
faults. Terminology was also an issue, with inconsistent use of terms between contractors describing 
either damage or repairs. For example terminology describing pipe fittings was often based on the 
manufacturer’s brand name, and different contractors used different terms based on their own 
experience with using various products – this was especially the case with contractors from outside 
of Christchurch. The establishment of a simple data dictionary to be installed on mobile GIS devices 
would greatly assist the collection of consistent information on failure modes. 
The lack of detailed damage information through the CES is a legacy of pre-CES systems and 
processes. While the CES has served to highlight these problems, it has also accelerated the adoption 
of digital data collection to promote more seamless data transfer between organisations. Many 
utilities companies employ, as an integral of their normal business operations, the use of mobile GIS 
devices which automatically and remotely update central asset databases, and the relevant 
employees are trained in their use and understand the importance of seamless data collection for 
intelligent asset management. This combination of technology and education is essential for 
everyday operations, and becomes even more important in a disaster context where asset 
management systems should be able to receive voluminous data in a short time frame to facilitate 
decision-making in emergency response and recovery. The experience in Christchurch City has served 
to highlight many of these issues which will be present in territorial authorities across New Zealand 
and internationally. 
 
3.3.3 Potable water system resilience  
The good performance of PE, PVC and MPVC pipes across Christchurch City reflects the resilience of 
these materials in the face of repeated earthquakes causing widespread liquefaction and lateral 
spreading and consequent large ground deformation, compared to the poor performance of more 
brittle pipes such as AC and GI. This trend towards use of PE and PVC started in earnest in the 1990s 
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with the development of new subdivisions on the city margins. The instigation of an accelerated 
renewals programme through the Christchurch rebuild means this trend of installing resilient 
materials will continue, and the emerging new potable water network can be expected to be 
significantly more resilient to earthquake impacts than prior to the CES. Clearly the choice of 
appropriate pipe materials and pipeline details does make a significant impact on the performance of 
this critical lifeline. However, there is also clear evidence that pipe materials alone will not guarantee 
excellent ort acceptable performance. Fittings and other important components of the network must 
be brought up to acceptable standards to ensure good performance and service of the system. 
Since early 2013 SCIRT has conducted a comprehensive programme of leak detection to assess 
whether system leakage has returned to pre-CES levels. Initial findings from this programme show 
that mains pipes are in general stable, with leakage rates approximating those observed prior to the 
CES. While this is a clear measure of success, the programme has also shown that approximately 75% 
of observed leaks are occurring at small connections to and within the submains/crossovers 
components of the network. This suggests that further system resilience can be achieved through 
improved design of connections and greater attention to details. 
Recently, a private initiative has launched in Christchurch called Sensing City (see 
http://sensingcity.org/). To quote from Sensing City’s website: “The Sensing City concept positions 
Christchurch as a world leading smart city by incorporating an integrated network of digital sensors 
into the physical infrastructure (utilities and buildings) of the Christchurch CBD that generate real 
time, granular data for multiple uses and benefits”. Sensing City is in discussion with various 
stakeholders at CCC and the Canterbury Earthquake Recovery Authority (CERA), and has the support 
of senior government ministers in its implementation. The installation of a digital sensor network 
into the potable water system – the incorporation of a “soft data infrastructure” into the “hard 
infrastructure” of water utilities, could lead to significant efficiencies in normal water management 
operations, understanding system functioning in real-time, and provide more immediate and useful 
feedback in the wake of natural disasters. While there are technological difficulties to be addressed 
with such sensing/data networks, this is currently work in progress. The Sensing City approach 
provides a unique avenue for territorial authorities, recovery agencies, the private sector and 
research organisations to collaborate on initiatives that improve urban infrastructure management 
and resilience in the face of future seismic risk. 
 
3.3.4 Preliminary findings 
Key findings from this study on the potable water network can be summarised as follows: 
 Modern water pipe materials and more flexible pipelines that can better accommodate 
ground deformation including relatively large permanent displacements, such as PVC/MPVC 
and MDPE80 and HDPE, performed significantly better through the CES than older materials 
and more brittle pipelines such as AC and GI, as determined by breaks km-1. Areas where PVC 
and PE pipelines are installed are therefore inherently more resilient to seismic impacts than 
older parts of networks with a legacy of vulnerable components. 
 For all pipe materials, there is clear link between liquefaction severity and damage rate to 
the pipeline: an increasing damage rate is observed with increasing liquefaction severity. 
Note that most of the damage to buried pipelines is induced by excessive ground 
deformation and permanent ground displacements (vertical=settlement; lateral; shearing, 
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longitudinal movement; combined=angular distortion). Such ground deformation and 
displacements are principal consequences of liquefaction, and hence the observed (and 
expected) strong correlation between liquefaction severity and pipeline damage. PGA and 
similar ground motion intensity measures (PGV in particular) provide an 
alternative/additional set of measures for correlating the damage to buried pipes caused by 
strong earthquakes, and they are particularly useful in areas where no ground failure due to 
liquefaction was observed. The approach taken here was to correlate the pipeline damage to 
LRI (Liquefaction Resistance Index, newly developed parameter in Cubrinovski et al., 2011) 
which represents a direct measure for the soil resistance to liquefaction while accounting for 
the seismic demand through PGA. Key quality of the adopted approach is that it provides a 
general methodology that in conjunction with conventional methods for liquefaction 
evaluation can be applied elsewhere in New Zealand and internationally. Needless to say, it 
can be easily incorporated into risk modelling software such as RiskScape. 
 Preliminary correlations between pipeline damage (breaks km-1), liquefaction resistance (LRI) 
and seismic demand (PGA) have been developed for AC pipes, as an example. Such 
correlations can be directly used in the design and assessment of pipes in seismic regions 
both for liquefiable and non-liquefiable soils. 
 Modes of pipe failure are divided between damage to the pipes themselves, and damage to 
attached fittings. The field data on pipe damage collected in Christchurch is not sufficiently 
comprehensive or detailed to provide definitive patterns of damage across the network, 
however some clear patterns are emerging as follows: (a) There are consistent patterns of 
damage to the major pipe materials regardless of failure mode (e.g. AC pipes performed 
more poorly than did PVC or PE pipes, regardless of the specific nature of earthquake 
damage); (b) 85% to 95% of the damage to HDPE and MDPE pipelines was due to fitting 
damage/failure, with very little damage associated with failure/damage of the pipe body 
itself; (c) conversely, for AC pipes, about 60% of the damage was in the pipe damage 
category and the remaining 40% in the fitting damage category. 
 The effects of backfill materials on the pipeline damage were also investigated using the LRI 
methodology as a basis. It was found that AP40 backfills significantly improved the 
performance (reduced repairs per km) for HDPE and AC pipelines as compared to backfills 
from native soils. On the other hand, no such improvement was observed for the GI pipes. 
 Comprehensive and accurate GIS databases are essential for disaster response/recovery 
management. However the legacy of geospatial database creation can lead to inaccuracies in 
spatial information and associated non-spatial data, which is problematic when these data 
are relied upon for post-disaster decision-making around infrastructure repairs and renewals. 
 Utilities companies need to ensure electronic field data capture, using accurate spatial 
databases and appropriate field devices, as a normal part of daily operations. The 
development of a consistent and agreed-upon “data dictionary” for use by utilities 
companies such as CCL and their contractors would streamline data capture and provide 
more useful information for day-to-day operations and in post-disaster analysis. 
 There needs to be a geospatial data champion within each water utility organisation (e.g. 
CCC, CCL) to ensure data standards are maintained, and any separate data systems within an 
organisation are linked to ensure simultaneous updating. Considering the multiple agencies 
concerned in data collection and asset management, such champions should ensure that 
data flow and integration with other agencies is as seamless as possible. 
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3.4 On-going and future research 
The next steps in analysis of the Christchurch potable water system are as follows: 
 The developed methodology for pipeline damage assessment based on LRI and seismic 
demand (PGA or PGV) will be implemented more rigorously (with exact LRI values used for a 
given pipe, rather than estimates based on 1km2 mesh). 
 Using the updated methodology, empirical correlations and analytical models (damage 
predictors) will be established for pipelines of different materials (AC, GI, CI, CLS, HDPE, 
MDPE80 and PVC) for soils with different levels of liquefaction resistance (LRI) and various 
levels of seismic demand (expressed in terms of PGA  and PGV). This will provide: (a) a 
complete methodology for assessment of damage to potable water pipelines (for 
Christchurch, but also transferable elsewhere in New Zealand and internationally); (b) basis 
for development of fragility curves for incorporation into seismic risk assessment 
methodologies such the RiskScape model (see http://www.riskscape.org.nz/), to enable the 
lessons from Christchurch to inform seismic hazard scenarios across New Zealand. 
 Further update, scrutiny and analysis of the damage data on the potable water network and 
refinement of preliminary findings. 
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4.0 Waste Water System 
4.1 Introduction 
Following the 22 February 2011 Christchurch Earthquake an extensive Closed Circuit Television 
(CCTV) inspection programme was commenced to identify earthquake damage to the network of 
more than 1,600 km of gravity wastewater and 900 km of gravity storm water pipes, using the New 
Zealand Pipe Inspection Manual as a methodology (Water NZ, 2011) to define the nature and 
severity of defects. The cost of collecting CCTV data on all gravity pipes was estimated to be in the 
order of NZ$125 million. Due to the extensive network damage and despite having at least 20 CCTV 
crews in the field (equating to around half of New Zealand’s specialist CCTV field resource), the 
estimated time required to complete CCTV survey of damaged pipes across Christchurch City was 
more than four years. The availability of CCTV data thus became a critical constraint to the rebuild. 
The difficulty in assessing the extent of wastewater damage for a range of rebuild priorities led to the 
development of Pipe Damage Assessment (PDA) Tool to provide desktop assessment of both waste 
water and storm water pipe condition through the CES (Kinley et al., 2013). The objective was to 
speed up the rebuild process by providing estimates of damage based on a range of inputs including 
CCTV observations from across the city, which were used as a representative sample of the pipe 
condition. The correlation of CCTV damage data with other local indicators of damage was used to 
estimate damage at locations unsurveyed using CCTV. Other damage indicators used were pipe 
material, depth, diameter and flow direction, proximity to water courses, road condition data, city 
subcatchment and LRI Zones (Cubrinovski et al., 2011). By using a multiple-parameter approach the 
PDA Tool achieved up to 95% accuracy, compared to up to 60% accuracy for a single parameter 
approach. Outputs were successfully applied to the design of rebuild works, scoping and budgeting, 
and for prioritisation and estimating (Kinley et al., 2013). See Appendix J for more detail on PDA Tool 
development and application. 
 
Current work being undertaken at SCIRT includes the development of a detailed 3-dimensional 
model of the waste water and storm water system informed by detailed surveys conducted across 
the entire network. These models are being used for hydraulic analyses and scenarios of system 
functioning in response to potential future earthquakes and demographic changes in Christchurch. 
 
Presented here is a preliminary analysis of the waste water network through the CES, based on repair 
data as opposed to CCTV interpretations. The waste water network across Christchurch City is deeper 
than the potable water system and is mostly unpressurised, and therefore there is a still-emerging 
picture of performance. Despite this partial dataset, trends in system performance are able to be 
identified. Also presented here are the results of liquefaction impacts on manholes, critical nodes 
within the wastewater system. 
 
4.2 System characteristics and development 
As with the potable water network, the spatial variation in waste water pipe types across 
Christchurch City reflects the historical development of the system. When mapped by decade of 
installation the nearly concentric expansion of the Christchurch urban area is evident (Figure 38), and 
the age of pipes is closely associated with the pipe materials used (Figure 39). By the commencement 
of the CES (4 September 2010), >1700 km (91%) of the network was comprised of gravity pipes, of 
which 45% were comprised of concrete (CONC), 22% comprised of earthenware (EW), 18% 
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comprised of UPVC and 8% comprised of AC pipes (Table 5). The pressurised components of the 
system comprise 8% of the total network length, with the dominant material being UPVC (33% of 
pressure system) followed by AC (23%), CONC (16%) and MPVC (13%).  
 
Table 5. Summary of Christchurch City and Lyttelton Harbour waste water network pipe types and materials as 
of 4 September 2010. 
Pipe 
Material Gravity Pressure Other Total km 
% of Total 
Network 
 
km 
% of 
Gravity km 
% of 
Pressure km 
% of 
Other 
  
CONC 768.494 45 23.748 16 3.550 14 795.792 42 
EW 380.811 22 0.011 0 0.132 1 380.955 20 
UPVC 310.297 18 48.976 33 1.434 6 360.708 19 
AC 138.260 8 33.723 23 0.647 3 172.630 9 
Other 43.183 3 4.248 3 15.050 59 62.476 3 
PVC 44.924 3 4.891 3 0.678 3 50.493 3 
MPVC 3.463 <1 18.840 13 0.0005 <1 22.304 1 
HDPE 15.323 1 3.445 2 3.276 13 22.043 1 
CI 14.582 1 4.842 3 0.686 3 20.110 1 
MDPE80 1.401 <1 5.389 4 0.124 <1 6.914 <1 
BB 5.948 <1 - - - - 5.948 <1 
Total 
(% of 
network) 
1726.686 
 
(91) 
 
148.114 
 
(8) 
 
25.573 
 
(1) 
 
1900.373 
  
 
As described by Wilson (1989), the establishment of the waste water system in Christchurch City 
from the 1870s entailed the provision of relatively steep pipe grades in the gravity system to 
overcome Christchurch’s flat topography. The original plans were to have separate systems for waste 
water and storm water, with the city’s sewage to be directed to and treated at Bromley, and all 
storm water to be discharged to the city’s rivers and the Avon/Heathcote Estuary. Original plans 
were also to enable the infiltration of groundwater (as oppose to storm water) into the waste water 
pipes, but upon system construction this was reconsidered because excessive groundwater 
infiltration might incapacitate pump stations. Despite early and on-going attempts to prevent the 
waste water system from acting as a drain of Christchurch City’s groundwater, the “leakiness” of 
Christchurch’s waste water system has long been recognised. 
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Figure 38. Christchurch City and Lyttelton Harbour waste water network mapped according to decade of 
installation. 
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Figure 39. Christchurch City and Lyttelton Harbour waste water network mapped according to pipe materials as 
of 4 September 2010. 
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Figure 40. Christchurch City and Lyttelton Harbour waste water network mapped according to pipe type. 
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4.2 Analysis 
 
4.2.1 Network Data 
The waste water network data used in this analysis were obtained from SCIRT in June 2013. The 
SCIRT data were sourced originally from CCC. There is on-going updating of the database as the 
rebuild programme proceeds. For this analysis pipe information was sorted to exclude any pipes 
installed after 4 September 2010. 
 
4.2.2 Pipe damage assessment - repair counts 
Pipe repair count data used here were obtained from SCIRT's GIS team on 11 March 2013, and 
represent the most accurate picture of the system's spatial distribution and specifications up to this 
point. The data were in the form of a polyline shapefile, with number of repairs per pipe for the 
period 5 September 2010 to 5 June 2013 ascribed to each pipe record (see Figure 41). These repair 
count data represent <5% (~80 km) of total system length.  
 
4.2.3 Pipe damage assessment - repair counts and Liquefaction Resistance Index 
Pipe material performance according to LRI was determined. To avoid difficulties where an individual 
pipe traversed the boundary between two LRI zones, the mid-point of each pipe was defined (half-
way along pipes of any length) and intersected with the LRI map (see Figure 42). For each major 
network pipe material within each LRI zone numbers of repaired pipes, affected lengths, total repairs 
and repairs per km were calculated for each diameter class. 
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Figure 41. Numbers of repairs per pipe in Christchurch City and Lyttelton Harbour over the period 5 September 
2010 to 5 June 2013. 
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Figure 42. Locations of repaired waste water pipe midpoints within the LRI analysis area, and LRI zones. See 
Table 2 for LRI Zone ground deformations. 
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4.3 Results 
Pipe Repair Rates According to Material and Liquefaction Resistance Index Zone 
Repair records to date represent only a small percentage of the network that will ultimately be 
repaired and replaced, and therefore the calculated repairs rates must be considered preliminary. 
Affected lengths for CONC and EW are ~43 km and ~35 km, respectively. Affected lengths for AC and 
UPVC are ~6 km and ~3 km, respectively (Figure 43). The remainder of affected lengths for the 
repaired pipes of other materials are all <1 km in length. EW pipes had the highest repair rate of 1.5 
repairs per km followed by CONC (1.0 repairs per km) and AC (0.7 repairs per km). 
   
 
Figure 43. Summary repair data for waste water pipe materials. Data cover the period 5 September 2010 to 5 
June 2013. 
 
A subset of the water network repair data within the LRI analysis area (Cubrinovski et al., 2011; 2013) 
shows that for most pipe material types there is a consistent decrease in repair rate from LRI Zone 0 
to LRI 3 (Figure 44). There is a clear link between LRI and repair rate for all pipe materials. Within LRI 
Zones 0-2, EW had the highest repair rate followed by CONC and AC. 
 
 
55 
 
 
Figure 44. Summary repair data for the four most spatially extensive waste water pipe materials (Concrete, 
Earthenware, Asbestos Cement and Plasticised Polyvinyl Chloride) within Liquefaction Resistance Index Zones . 
Data cover the period 5 September 2010 to 5 June 2013. 
 
Analysis and design of manholes in liquefiable soils 
A detailed treatment of the behaviour of waste water system manholes through the CES is presented 
in Appendix K. Motivation for this research arose from discussions with SCIRT staff, which identified 
these critical system components as requiring more research, particularly in manhole responses to 
potential liquefaction. 
The behaviour of manholes in liquefiable soils is highly variable and there are many factors that 
control the magnitudes of relative displacements. Some key findings are:  
 The vulnerability of the system is highly variable due to the development of technologies and 
construction methods over time. Liquefaction severity is also highly variable over large areas.  
 Two dominant manhole types (square cast in-situ and circular pre-cast) were the focus of the 
investigation. The key difference between these two types is the weight (square manholes 
being approximately 3 times heavier than circular manholes) which was shown in parametric 
analyses to be an important parameter controlling manhole uplift in liquefaction areas.  
 Manholes assigned with relative displacement and observed liquefaction severity data were 
analysed. A clear link between liquefaction severity and observed relative displacements was 
found, with manholes showing less relative displacement in areas of no liquefaction (up to 
63%) and more in areas of high liquefaction severity (up to 57%), as expected.  
 The depth of manhole embedment appears to be an important parameter affecting the 
relative displacements of manholes. There was a clear transition between relative 
displacement severities at approximately 3.0 m embedment depth. Shallow manholes 
performed better with less relative displacements observed. Very deep manholes had high 
levels of observed relative displacement. Parametric analyses confirmed these observations.  
 Parametric analyses demonstrated that several parameters influence the rate and maximum 
uplift of manholes. The embedment depth and water table depth are two of these key 
parameters. Penetration resistance (evaluated by CPT) and liquefied layer thickness are also 
significant parameters. Uplift of manholes was found to significantly increase for CPT 
resistance of the critical layer of less than 5 MPa.  
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4.4 On-going and future research 
The next steps in analysis of the Christchurch waste water system are as follows: 
 Continue to collate data and analyse pipe material performance; 
 Characterise modes of failure waste for the waste water system using CCTV and profilometer 
data 
 Identify key factors/contributors to the damage of the waste water network 
 Establish LRI-based correlations for representative materials of waste water pipelines in the 
same fashion as explained for the potable water network. 
 Further update, scrutiny and analysis of the damage data on the potable water network and 
refinement of preliminary findings.  
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5.0 Road Network 
 
5.1 Introduction 
Road networks are critical infrastructure lifelines, and the CES has had a significant impact on 
Christchurch’s transport system. Presented below are initial findings from an analysis of lateral 
spreading damage to bridges (Cubrinovski et al., 2013b), along with an overview of liquefaction 
ejecta clean-up from Christchurch city’s roads through the CES (Villemure, 2013; Villemure et al., in 
prep). 
  
5.2 Road network characteristics 
As of February 2013, Christchurch road surface materials were dominantly comprised of single coat 
seal (51%), followed by two coat seal (27%) and asphaltic concrete (12%) (Figure 45). The remainder 
of the network has road surfaces comprised of a variety of materials (Table 6). 
 
Figure 45. Christchurch City road surface materials. 
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Table 6. Road surface materials in the Christchurch City urban area. 
Road Surface Length (km) Percentage of Network 
Single Coat Seal 1707.662 51 
Two Coat Seal 909.043 27 
Asphaltic concrete 392.569 12 
Open graded emulsion mix 121.177 4 
Open Graded Porous Asphalt 93.231 3 
Slurry Seal 66.002 2 
Interlocking concrete blocks 14.901 <1 
Void fill seal 7.975 <1 
Bicouche/Sandwich 4.638 <1 
Concrete 2.227 <1 
Racked in Seal 0.847 <1 
Other material type 0.422 <1 
Metal running course 0.399 <1 
Stone Mastic Asphalt 0.187 <1 
Texturising Seal 0.184 <1 
Prime and seal 0.150 <1 
Total 3321.614 100 
 
5.3 Impacts of the 22 February 2011 Christchurch Earthquake 
Immediately after the 22 February 2011 Christchurch Earthquake, twelve crews of CCC engineers 
conducted detailed drive-through reconnaissance, covering nearly all roads in the Christchurch urban 
area, to assess road damage and estimate the cost of repairs. Over a period of ten weeks, the 
inspection teams documented data on the damage and made detailed observations on the road 
surface, kerb/channel and footpath conditions (McNeill & English, 2011). These damage data were 
compiled and synthesized into the road damage map shown in Figure 46, which indicates three levels 
of road damage: major, moderate and minor. 
 
Using these road damage data in conjunction with the liquefaction map presented in Figure 7 (Top) 
(also shown in the background of Figure 46), a geospatial analysis was performed using GIS to 
correlate the severity of road damage with the liquefaction severity. The results of the analysis 
indicate a very strong correlation between the level of road damage and severity of liquefaction 
manifestation (Table 7). Practically all major damage to roads (i.e. 97%) occurred in areas of 
moderate or severe liquefaction; 80% of the moderate road damage occurred in areas of moderate 
to severe liquefaction, while the remaining 20% of the moderate road damage was observed in areas 
of minor or no liquefaction manifestation. The minor road damage was spread over the entire area of 
Christchurch, reflecting the high levels of accelerations and ground distress caused by the local 
earthquakes throughout the city. 
 
Overall, in the 2010-2011 earthquakes road bridges performed relatively well compared to other 
engineering structures (Palermo et al., 2011; Wotherspoon et al., 2011). They suffered low to 
moderate damage and all but one bridge were in service almost immediately after each significant 
event. A general overview of the damage to road bridges (longer than 10 m) in the urban area of 
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Christchurch, as judged per visual inspections of Opus engineers for CCC (CCC, 2011b), is depicted in 
Figure 47. 
 
 
Figure 46. Christchurch City road damage post-22 February 2011, based on CCC classifications. UC liquefaction 
observations also shown. From Cubrinovski et al. (2013b). 
 
Table 7. Lengths of road damage classes as determined by the Christchurch City Council within areas of 
observed liquefaction (mapped by UC) on 22 February 2011. From Cubrinovski et al. (2013b). 
 
 
Road Damage (km) 
 
 
Severe Major Moderate Minor Minimal 
O
b
se
rv
e
d
 
Li
q
u
e
fa
ct
io
n
 Moderate-Severe 37.922 39.409 79.022 40.044 9.032 
Low-Moderate 1.700 5.851 31.288 41.158 18.573 
Road Liquefaction 0.941 3.700 16.296 8.447 2.036 
Trace - - 2.160 8.523 4.802 
None 0.941 1.981 30.076 93.412 77.093 
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Figure 47. Bridge damage classifications post-22 February 2011. Data from SCIRT. UC liquefaction observations 
also shown. From Cubrinovski et al. (2013b). 
 
The road damage data collection conducted by CCC included road pavement condition that described 
the areal extent of identified road surface collapses (>10 m2, 5-10 m2, <5 m2) and locations of road 
surface unevenness (Figure 48). In addition, observations after rainfall events identified locations of 
water ponding on road surfaces that had not occurred prior to the CES (Figure 49). 
The repeated manifestation of liquefaction ejecta through the CES resulted in repeated burial of road 
surfaces. The most comprehensive investigation of liquefaction ejecta clean-up has been conducted 
by Villemure (2013) and Villemure et al. (in prep). This work included interviews with the primary 
road clean-up contractors Fulton Hogan (FH) and CCL. Detailed reviews of FH records revealed 
minimal information on tonnages of liquefaction ejecta after major events, although there was 
abundant information of resources used in, and costing of, the clean-up. The major findings from this 
work are: 
 Emergency planning and the use of the coordinated incident management system (CIMS) 
system during the emergency were important to facilitate rapid clean-up tasking, 
management of resources and ultimately recovery from widespread and voluminous 
liquefaction ejecta deposition in eastern Christchurch; 
 Over 500,000 tonnes of ejecta was been stockpiled at Burwood landfill for all major 
liquefaction-inducing earthquake events; 
 The average cost per kilometre for the event clean-up was $NZ 5,500/km (4 September 
2010), $NZ 11,650/km (22 February 2011) and $NZ 11,185/km (13 June 2011); 
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5.4 On-going and future research 
 
The next steps in analysis of the Christchurch road network are as follows: 
 Review of CCC road damage data to identity information most useful for mechanistic 
understanding of road damage. 
 Detailed characterisation of road surface material properties, including construction 
specifications. Observations by CCC road engineers suggest different construction techniques 
were variously susceptible to penetration by liquefaction ejecta, and these modes of failure 
need to be classified. 
 Characterise road damage by liquefaction severity through the LRI concept. 
 
 
.  
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Figure 48. Road pavement condition across Christchurch City after the 22 February 2011 Christchurch 
Earthquake. 
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Figure 49. Road ponding across Christchurch City after the 22 February 2011 Christchurch Earthquake. 
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Appendix A - Summary repair data for the potable supply network across Christchurch City and Banks 
Peninsula District according to pipe material and diameter. 
 
Pipe Material 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected 
Length (km) 
Total 
Repairs (n) 
Repairs 
km
-1
 
MPVC 4463 149.198 34 2.476 36 0.2 
PVC 12548 409.499 218 23.287 275 0.7 
MDPE80 21055 463.258 331 19.173 372 0.8 
DI 2856 61.622 43 2.738 52 0.8 
HDPE 37055 931.712 1407 82.188 1744 1.9 
AC 20993 770.809 1139 84.252 1747 2.3 
S 1275 35.267 70 6.132 94 2.7 
CI 7199 192.628 419 31.104 609 3.2 
CLS 1614 52.058 103 10.243 168 3.2 
GI 14769 186.543 1210 42.691 1651 8.9 
Total 123814 3252.149 4974 347.897 6738 2.1 
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Appendix B - Summary repair data for the potable supply network across Christchurch City and Banks 
Peninsula District according to pipe material and diameter. 
 
M-Polyvinyl Chloride            
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
50 4 0.055 - - - - 
63 33 0.975 - - - - 
75 2 0.031 - - - - 
100 1915 48.903 16 0.986 17 0.3 
150 1439 54.192 12 1.024 12 0.2 
200 917 37.013 6 0.466 7 0.2 
300 153 8.029 - - - - 
Total 4463 149.198 34 2.476 36 0.2 
 
Polyvinyl Chloride 
     
Diameter 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
20 30 1.904 1 0.089 1 0.5 
25 314 10.830 10 0.458 10 0.9 
32 160 3.925 2 0.103 2 0.5 
38 20 0.564 1 0.088 1 1.8 
40 504 16.847 15 1.101 17 1.0 
50 1368 36.640 32 2.346 24 0.7 
63 18 0.205 - - - - 
65 16 4.010 - - - - 
75 11 0.998 2 0.528 3 3.0 
80 156 3.059 1 0.064 1 0.3 
100 4612 134.834 79 8.347 118 0.9 
150 2914 96.157 47 47 55 0.6 
175 43 5.242 2 1.094 2 0.4 
200 1616 59.346 18 3.722 21 0.4 
225 6 0.270 - - - - 
250 4 0.020 - - - - 
300 669 31.591 7 1.492 9 0.3 
375 42 1.483 1 0.470 1 0.7 
400  2 0.006          
450  1  0.002         
600  2  0.002         
Total 12535 409.054 218 66.901 265 0.6 
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Medium-Density Polyethylene 80           
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
25 114 0.983 1 0.066 1 1.0 
32 848 11.429 7 0.082 10 0.9 
50 6388 230.481 178 9.569 202 0.9 
63 13632 215.196 145 9.456 159 0.7 
65 3 0.093 - - - - 
75 4 0.005 - - - - 
100 20 0.362 - - - - 
125 6 0.188 - - - - 
150 14 3.941 - - - - 
200 1 0.0004 - - - - 
250 2 0.030 - - - - 
Total 21055 463.258 331 19.173 372 0.8 
 
Ductile Iron 
    
Diameter (mm)  
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
50 2 0.0004 - - - - 
100 438 5.729 9 0.297 9 1.6 
125 3 0.008 - - - - 
150 684 12.198 7 0.306 7 0.6 
200 1090 22.481 15 0.764 18 0.8 
225 6 0.027 - - - - 
250 26 0.125 - - - - 
300 584 20.388 12 1.371 18 0.9 
375 12 0.555 - - - - 
400 1 0.006 - - - - 
450 10 0.105 - - - - 
Total 2856 61.621 43 2.738 52 0.8 
 
High-Density Polyethylene            
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
13 63 1.532 - - - - 
15 38 0.959 - - - - 
20 524 10.754 18 1.118 25 2.3 
25 7444 189.146 370 15.473 460 2.4 
32 590 10.504 11 1.632 14 1.3 
38 95 3.824 9 0.763 10 2.6 
40 9977 410.400 569 39.626 715 1.7 
50 18317 304.509 430 23.575 520 1.7 
63 7 0.086 - - - - 
Total 37055 931.712 1407 82.188 1744 1.9 
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Asbestos Cement            
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs 
Repairs/ 
km 
50 343 15.587 15 2.381 23 1.5 
75 79 2.348 2 0.207 2 0.9 
80 16 0.415 1 0.086 1 2.4 
100 12182 413.136 836 57.092 1287 3.1 
150 6621 250.103 315 23.457 423 1.7 
200 3386 126.402 169 13.073 223 1.8 
225 71 2.871 15 1.404 19 6.6 
250 181 8.495 7 0.997 8 0.9 
300 1168 51.672 40 7.547 60 1.2 
375 98 6.080 3 0.535 5 0.8 
Total 24145 877.109 1403 106.780 2051 2.3 
 
Steel             
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
25 1 0.003 - - - - 
40 2 0.013 - - - - 
50 1 0.212 - - - - 
75 6 0.410 1 0.387 1 2.4 
80 17 0.586 1 0.010 1 1.7 
100 445 10.922 40 3.074 56 5.1 
150 299 6.203 20 1.801 28 4.5 
175 7 0.086 - - - - 
200 211 3.578 2 0.310 2 0.6 
250 19 0.328 - - - - 
300 158 1.964 3 0.174 3 1.5 
375 31 2.702 2 0.370 2 0.7 
425 2 0.224 - - - - 
450 15 1.848 - - - - 
550 23 4.661 - - - - 
600 38 1.527 1 0.005 1 0.7 
Total 1275 35.267 70 6.132 94 2.7 
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Cast Iron             
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs 
Repairs/ 
km 
38 4 0.281 - - - - 
75 164 2.636 8 0.395 10 3.8 
80 98 3.469 10 1.032 10 2.9 
100 3903 109.926 269 18.966 394 3.6 
125 14 0.561 1 0.086 1 1.8 
150 1679 39.374 74 4.282 117 3.0 
200 1238 34.115 50 5.755 67 2.0 
250 10 0.085 - - - - 
300 89 2.180 7 0.588 10 4.6 
Total 7199 192.628 419 31.104 609 3.2 
 
Concrete-Lined Steel            
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs 
Repairs/ 
km 
75 2 0.002 - - - - 
100 300 9.519 56 3.930 111 11.7 
150 91 2.471 7 0.343 14 5.7 
200 359 4.625 6 0.301 6 1.3 
225 22 0.069 - - - - 
250 69 2.798 7 1.740 6 2.1 
300 570 17.213 14 1.079 16 0.9 
375 94 5.482 8 1.556 10 1.8 
425 1 0.016 - - - - 
450 69 6.184 2 0.678 2 0.3 
600 37 3.679 3 0.615 3 0.8 
Total 1614 52.058 103 10.243 168 3.2 
 
Galvanised Iron            
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
13 12 0.281 2 0.119 2 7.1 
15 32 0.701 3 0.016 4 5.7 
20 5074 90.474 767 27.546 1075 11.9 
25 5881 46.996 242 6.854 305 6.5 
32 146 2.995 7 0.619 16 5.3 
38 51 1.360 2 0.049 2 1.5 
40 537 12.249 53 3.235 85 6.9 
50 2849 28.321 128 3.920 155 5.5 
65 8 0.058 - - - - 
75 63 1.174 6 0.332 7 6.0 
80 8 0.039 - - - - 
100 23 0.802 - - - - 
150 63 1.030 - - - - 
200 21 0.061 - - - - 
300 1 0.002 - - - - 
Total 14769 186.543 1210 42.691 1651 8.9 
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Appendix C – Frequency of pipe repairs through the Canterbury Earthquake Sequence.
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Time line of Canterbury Region earthquakes (Mw) and repair job creation dates for MPVC pipes through the Canterbury Earthquake Sequence, 4 September 2010 to 30 June 2012. 
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Time line of Canterbury Region earthquakes (Mw) and repair job creation dates for PVC pipes through the Canterbury Earthquake Sequence, 4 September 2010 to 30 June 2012. 
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Time line of Canterbury Region earthquakes (Mw) and repair job creation dates for MDPE80 pipes through the Canterbury Earthquake Sequence, 4 September 2010 to 30 June 2012. 
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Time line of Canterbury Region earthquakes (Mw) and repair job creation dates for DI pipes through the Canterbury Earthquake Sequence, 4 September 2010 to 30 June 2012. 
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Time line of Canterbury Region earthquakes (Mw) and repair job creation dates for HDPE pipes through the Canterbury Earthquake Sequence, 4 September 2010 to 30 June 2012. 
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Time line of Canterbury Region earthquakes (Mw) and repair job creation dates for AC pipes through the Canterbury Earthquake Sequence, 4 September 2010 to 30 June 2012. 
3
4
5
6
7
C
a
n
te
rb
u
ry
 R
e
g
io
n
E
a
rt
h
q
u
a
k
e
s
 M
W
1/10/10 1/11/10 1/12/10 1/01/11 1/02/11 1/03/11 1/04/11 1/05/11 1/06/11 1/07/11 1/08/11 1/09/11 1/10/11 1/11/11 1/12/11 1/01/12 1/02/12 1/03/12 1/04/12 1/05/12 1/06/12
4/09/10 22/02/11 13/06/11 23/12/11
60
40
20
0
1/10/10 1/11/10 1/12/10 1/01/11 1/02/11 1/03/11 1/04/11 1/05/11 1/06/11 1/07/11 1/08/11 1/09/11 1/10/11 1/11/11 1/12/11 1/01/12 1/02/12 1/03/12 1/04/12 1/05/12 1/06/12
40
20
0
1/10/10 1/11/10 1/12/10 1/01/11 1/02/11 1/03/11 1/04/11 1/05/11 1/06/11 1/07/11 1/08/11 1/09/11 1/10/11 1/11/11 1/12/11 1/01/12 1/02/12 1/03/12 1/04/12 1/05/12 1/06/12
Asbestos Cement
All Pipe Diameters
100 mm
20
0
150 mm
1/10/10 1/11/10 1/12/10 1/01/11 1/02/11 1/03/11 1/04/11 1/05/11 1/06/11 1/07/11 1/08/11 1/09/11 1/10/11 1/11/11 1/12/11 1/01/12 1/02/12 1/03/12 1/04/12 1/05/12 1/06/12
10
0
200 mm
1/10/10 1/11/10 1/12/10 1/01/11 1/02/11 1/03/11 1/04/11 1/05/11 1/06/11 1/07/11 1/08/11 1/09/11 1/10/11 1/11/11 1/12/11 1/01/12 1/02/12 1/03/12 1/04/12 1/05/12 1/06/12
1/10/10 1/11/10 1/12/10 1/01/11 1/02/11 1/03/11 1/04/11 1/05/11 1/06/11 1/07/11 1/08/11 1/09/11 1/10/11 1/11/11 1/12/11 1/01/12 1/02/12 1/03/12 1/04/12 1/05/12 1/06/12
300 mm
0
5
0
1
1/10/10 1/11/10 1/12/10 1/01/11 1/02/11 1/03/11 1/04/11 1/05/11 1/06/11 1/07/11 1/08/11 1/09/11 1/10/11 1/11/11 1/12/11 1/01/12 1/02/12 1/03/12 1/04/12 1/05/12 1/06/12
375 mm
P
o
ta
b
le
 W
a
te
r 
R
e
p
a
ir
 C
o
u
n
ts
 p
e
r 
D
a
y
M
a
in
s
No
Data
Date
78 
 
 
Time line of Canterbury Region earthquakes (Mw) and repair job creation dates for Steel pipes through the Canterbury Earthquake Sequence, 4 September 2010 to 30 June 2012. 
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Time line of Canterbury Region earthquakes (Mw) and repair job creation dates for CI pipes through the Canterbury Earthquake Sequence, 4 September 2010 to 30 June 2012. 
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Time line of Canterbury Region earthquakes (Mw) and repair job creation dates for CLS pipes through the Canterbury Earthquake Sequence, 4 September 2010 to 30 June 2012. 
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Time line of Canterbury Region earthquakes (Mw) and repair job creation dates for GI pipes through the Canterbury Earthquake Sequence, 4 September 2010 to 30 June 2012. 
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Appendix D - Summary repair data for the potable supply network across Christchurch City according to 
pipe material and Liquefaction Resistance Index Zone. 
 
M-Polyvinyl Chloride 
LRI Zone 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
0 32 1.223 5 0.307 6 4.9 
1 257 8.217 8 0.426 9 1.1 
2 589 17.911 4 0.337 4 0.2 
3 861 26.345 2 0.065 2 0.0 
4 1739 53.696 - - - - 
No Obs 1493 50.481 5 0.426 5 0.1 
Total 4971 157.872 24 1.561 26 0.2 
Polyvinyl Chloride 
LRI Zone 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
0 241 9.541 33 2.474 66 6.9 
1 1066 33.896 36 3.244 43 1.3 
2 1516 44.352 28 2.305 29 0.7 
3 7887 237.760 18 1.614 21 0.1 
4 2007 56.438 12 3.302 12 0.2 
No Obs 2849 90.764 28 3.750 27 0.3 
Total 15566 472.750 155 16.688 198 0.4 
Medium-Density Polyethylene 80 
LRI Zone 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
0 1009 21.832 45 2.293 61 2.8 
1 2299 47.580 44 1.842 50 1.1 
2 2807 63.436 54 3.501 58 0.9 
3 4572 94.746 81 4.071 88 0.9 
4 2187 49.087 11 0.713 11 0.2 
No Obs 5628 124.755 66 5.260 71 0.6 
Total 18502 401.437 301 17.681 339 0.8 
Ductile Iron 
LRI Zone 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs 
km
-1
 
0 23 0.721 6 0.398 8 11.1 
1 412 0.041 17 1.283 22 2.4 
2 327 9.406 5 0.312 6 0.6 
3 911 17.355 6 0.172 6 0.3 
4 118 2.952 - - - - 
No Obs 508 12.619 2 0.160 3 0.2 
Total 2299 52.095 36 2.325 45 0.9 
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High-Density Polyethylene 
LRI Zone 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs 
km
-1
 
0 1033 25.833 103 5.215 128 5.0 
1 5000 119.291 273 14.631 346 2.9 
2 6252 160.997 259 14.592 347 2.2 
3 9685 243.806 363 20.127 466 1.9 
4 4330 107.199 53 3.840 61 0.6 
No Obs 7038 185.502 215 15.060 234 1.3 
Total 33338 842.628 1266 73.465 1582 1.9 
Asbestos Cement 
LRI Zone 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs 
km
-1
 
0 516 17.949 142 8.546 250 13.9 
1 2110 69.963 328 21.262 525 7.5 
2 3156 111.639 142 8.546 250 2.2 
3 5189 177.343 253 18.234 367 2.1 
4 4470 177.802 68 6.047 79 0.4 
No Obs 5552 216.113 206 21.618 276 1.3 
Total 20993 770.809 1139 84.252 1747 2.3 
Concrete-Lined Steel 
LRI Zone 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs 
km
-1
 
0 30 1.187 11 0.710 22 18.5 
1 354 12.781 52 3.587 104 8.1 
2 207 5.996 7 0.905 7 1.2 
3 536 13.026 9 0.684 10 0.8 
4 30 1.945 - - - - 
No Obs 321 13.808 16 3.122 18 1.3 
Total 1478 48.744 95 9.008 161 3.3 
Steel             
LRI 
Zone 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs 
km
-1
 
0 7 0.013 - - - - 
1 138 38.368 29 2.301 43 1.1 
2 207 5.637 12 0.960 13 2.3 
3 274 5.478 13 1.055 18 3.3 
4 60 3.221 1 0.091 1 0.3 
No Obs 180 6.392 10 0.806 13 2.0 
Total 866 59.110 65 5.213 88 1.5 
Galvanised Iron 
LRI 
Zone 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs 
km
-1
 
0 535 7.540 115 4.105 188 24.9 
1 2318 27.000 287 9.641 393 14.6 
2 3064 35.288 296 9.975 412 11.7 
3 3836 45.019 227 8.655 287 6.4 
4 584 10.061 6 0.263 6 0.6 
No Obs 1964 27.170 102 4.076 147 5.4 
Total 12301 152.077 1033 36.714 1433 9.4 
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Appendix E - Summary repair data for the potable supply network across Christchurch City according to 
pipe material, diameter and Liquefaction Resistance Index zone 
 
Medium-Density Polyethylene-80 
LRI 0 
Diameter (mm) Total Pipes (n) Total Length (km) Repaired Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
32 39 0.739 - - - - 
50 415 17.212 37 1.876 49 2.8 
63 554 3.805 8 0.418 12 3.2 
150 1 0.075 - - - - 
Total 1009 21.832 45 2.293 61 2.8 
LRI 1 
Diameter (mm) Total Pipes (n) Total Length (km) Repaired Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
20 2 0.006 - - - - 
25 5 0.034 - - - - 
32 77 0.926 2 0.036 3 3.2 
50 1042 39.298 31 1.693 36 0.9 
63 1166 7.019 11 0.113 11 1.6 
100 3 0.156 - - - - 
150 4 0.142 - - - - 
Total 2299 47.580 44 1.842 50 1.1 
LRI 2 
Diameter (mm) Total Pipes (n) Total Length (km) Repaired Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
15 1 0.009 - - - - 
20 1 0.027 - - - - 
25 20 0.167 - - - - 
32 93 1.165 - - - - 
50 900 32.133 20 1.169 20 0.622 
63 1789 29.934 34 2.332 38 1.269 
100 1 0.000 - - - - 
150 2 0.001 - - - - 
Total 2807 63.436 54 3.501 58 0.9 
LRI 3  
Diameter (mm) Total Pipes (n) Total Length (km) Repaired Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
15 4 0.184 - - - - 
20 5 0.171 - - - - 
25 20 0.145 - - - - 
32 177 2.409 3 0.031 5 2.1 
50 1586 58.306 47 2.223 50 0.9 
63 2764 33.302 31 1.817 33 1.0 
100 9 0.009 - - - - 
125 6 0.188 - - - - 
150 1 0.033 - - - - 
Total 4572 94.746 81 4.071 88 0.9 
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Summary repair data for Medium-Density Polyethylene-80 pipes in LRI zones, continued. 
LRI 4 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
20 3 0.077 - - - - 
25 9 0.038 - - - - 
32 89 0.913 - - - - 
50 461 17.456 4 0.304 4 0.2 
63 1618 30.560 7 0.410 7 0.2 
100 4 0.014 - - - - 
200 1 0.000 - - - - 
250 2 0.030 - - - - 
Total 2187 49.087 11 0.713 11 0.2 
No Liquefaction Observations 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
20 4 0.057 - - - - 
25 31 0.225 1 0.066 1 4.4 
32 144 1.544 - - - - 
50 1324 47.748 22 1.470 24 0.5 
63 4114 75.019 43 3.724 46 0.6 
65 3 0.093 - - - - 
75 4 0.005 - - - - 
100 2 0.065 - - - - 
150 2 0.001 - - - - 
Total 5628 124.755 66 5.260 71 0.6 
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M-Lined Ductile Iron pipes in LRI zones. 
LRI 0 
Diameter (mm) Total Pipes (n) 
Total Length 
(km) Repaired Pipes (n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
- - - - - - - 
LRI 1 
Diameter (mm) Total Pipes (n) 
Total Length 
(km) Repaired Pipes (n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
100 2 0.012 - - - - 
200 5 0.109 - - - - 
300 33 0.889 - - - - 
Total 40 1.009 - - - - 
LRI  2 
Diameter (mm) Total Pipes (n) 
Total Length 
(km) Repaired Pipes (n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
300 6 0.2473 - - - - 
Total 6 0.2473 - - - - 
LRI  3 
Diameter (mm) Total Pipes (n) 
Total Length 
(km) Repaired Pipes (n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
200 28 0.727 1 0.012 1 1.4 
300 3 0.071 - - - - 
Total 31 0.797 1 0.012 1 1.3 
LRI  4 
Diameter (mm) Total Pipes (n) 
Total Length 
(km) Repaired Pipes (n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
300 3 0.038 - - - - 
Total 3 0.038 - - - - 
No Liquefaction Observations 
Diameter (mm) Total Pipes (n) 
Total Length 
(km) Repaired Pipes (n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
200 4 0.043 - - - - 
300 5 0.206 - - - - 
Total 9 0.250 - - - - 
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Concrete-Lined Ductile Iron pipes in LRI zones. 
LRI 0 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
- - - - - - - 
LRI 1 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
100 6 0.046 1 0.029 1 21.8 
150 4 0.131 - - - - 
200 7 0.100 - - - - 
300 13 0.572 - - - - 
Total 30 0.850 1 0.029 1 1.2 
LRI 2 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
150 8 0.212 - - - - 
200 9 0.088 - - - - 
225 1 0.000 - - - - 
300 1 0.206 - - - - 
Total 19 0.506 - - - - 
LRI 3 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
100 7 0.101 - - - - 
150 47 0.836 1 0.073 1 1.2 
200 39 0.633 - - - - 
300 18 0.466 - - - - 
Total 111 2.037 1 0.073 1 0.5 
LRI 4  
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
100 8 0.036 - - - - 
150 4 0.028 - - - - 
200 45 1.813 - - - - 
Total 57 1.877 - - - - 
No Liquefaction Observations 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
100 5 0.015 - - - - 
150 4 0.096 - - - - 
200 24 0.645 - - - - 
300 25 1.206 - - - - 
Total 58 1.962 - - - - 
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M-PVC pipes in LRI zones. 
LRI 0 
Diameter 
(mm) 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 16 0.424 5 0.307 6 14.2 
150 15 0.749 - - - - 
200 1 0.050 - - - - 
Total 32 1.223 5 0.307 6 4.9 
LRI 1 
Diameter 
(mm) 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 155 4.848 2 0.141 2 0.4 
150 56 1.785 3 0.171 3 1.7 
200 46 1.584 3 0.113 4 2.5 
Total 257 8.217 8 0.426 9 1.1 
LRI 2 
Diameter 
(mm) 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 306 8.593 2 0.148 2 0.2 
150 202 6.741 1 0.121 1 0.1 
200 71 2.375 1 0.068 1 0.4 
300 10 0.201 - - - - 
Total 589 17.911 4 0.337 4 0.2 
LRI 3 
Diameter 
(mm) 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
50 2 0.016 - - - - 
100 405 8.934 2 0.065 2 0.2 
150 250 9.137 - - - - 
200 181 6.414 - - - - 
300 23 1.844 - - - - 
Total 861 26.345 2 0.065 2 0.002 
LRI 4 
Diameter 
(mm) 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
km) 
Total Repairs 
(n) 
Repairs/ 
km 
63 3 0.046 - - - - 
75 1 0.030 - - - - 
100 87 1.558 - - - - 
150 79 2.963 - - - - 
200 255 8.957 - - - - 
300 31 1.771 - - - - 
Total 1493 50.481 - - - - 
Continued next page 
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M-Polyvinyl Chloride pipes in LRI zones, continued 
No Liquefaction Observations 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
63 2 0.087 - - - - 
75 1 0.001 - - - - 
100 584 15.345 2 0.123 2 0.1 
150 543 18.461 1 0.018 1 0.1 
200 274 12.375 2 0.285 2 0.2 
300 89 4.213 - - - - 
Total 1493 50.481 5 0.426 5 0.1 
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Unplasticised Polyvinyl Chloride pipes in LRI zones. 
LRI 0 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 17 0.769 1 0.055 2 2.602 
150 15 0.883 - - - - 
200 21 0.689 1 0.125 3 4.352 
Total 53 2.341 2 0.180 5 2.136 
LRI 1 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 73 2.266 1 0.056 1 0.4 
150 35 1.209 - - - - 
200 10 0.275 1 0.055 1 3.6 
300 5 0.183 - - - - 
Total 123 3.932 2 0.111 2 0.5 
LRI 2 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 138 3.783 1 0.097 1 0.3 
150 112 3.447 1 0.057 1 0.3 
200 26 0.815 - - - - 
300 33 0.857 - - - - 
Total 309 8.901 2 0.154 2 0.2 
LRI 3 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
63 4 0.015 - - - - 
100 205 4.998 - - - - 
150 140 3.534 - - - - 
200 71 1.948 - - - - 
250 2 0.006 - - - - 
300 48 1.136 1 0.296 2 1.8 
Total 470 11.636 1 0.296 2 0.2 
LRI 4 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
63 6 0.095 - - - - 
100 150 3.765 - - - - 
150 157 5.355 - - - - 
200 116 3.723 1 0.131 1 0.3 
300 300 1.773 - - - - 
Total 729 14.710 1 0.131 1 0.1 
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Unplasticised Polyvinyl Chloride pipes in LRI zones, continued. 
No Liquefaction Observations 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
63 2 0.005 - - - - 
100 370 9.999 4 0.597 4 0.4 
150 290 10.809 5 0.407 9 0.8 
200 189 6.455 - - - - 
300 40 1.988 - - - - 
375 17 1.137 1 0.470 1 0.9 
Total 908 30.394 10 1.474 14 0.5 
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Ductile Iron pipes in LRI zones. 
LRI 0 
Diameter 
(mm) 
Total Pipes 
(n) Total Length (km) Repaired Pipes (n) Affected Length (km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 12 0.125 2 0.078 2 16.0 
300 11 0.596 4 0.320 6 10.1 
Total 23 0.721 6 0.398 8 11.1 
LRI 1 
Diameter 
(mm) 
Total Pipes 
(n) Total Length (km) Repaired Pipes (n) Affected Length (km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 56 0.532 2 0.119 2 3.8 
125 2 0.007 - - - - 
150 50 0.737 2 0.044 2 2.7 
200 203 4.339 9 0.533 12 2.8 
250 1 0.003 - - - - 
300 29 1.557 3 0.558 5 3.2 
400 1 0.006 - - - - 
Total 342 7.182 16 1.254 21 2.9 
LRI 2 
Diameter 
(mm) 
Total Pipes 
(n) Total Length (km) Repaired Pipes (n) Affected Length (km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 33 0.385 1 0.011 1 2.6 
150 53 1.265 - - - - 
200 111 3.332 1 0.041 1 0.3 
250 3 0.003 - - - - 
300 90 3.287 3 0.260 4 1.2 
375 2 0.275 - - - - 
450 10 0.105 - - - - 
Total 302 8.653 5 0.312 6 0.7 
LRI 3 
Diameter 
(mm) 
Total Pipes 
(n) Total Length (km) Repaired Pipes (n) Affected Length (km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 88 0.774 1 0.011 2 2.6 
150 178 3.624 1 0.033 1 0.3 
200 336 5.878 2 0.044 2 0.3 
250 4 0.024 - - - - 
300 155 3.961 - - - - 
375 8 0.260 - - - - 
Total 769 14.520 4 0.088 5 0.3 
LRI 4 
Diameter 
(mm) 
Total Pipes 
(n) Total Length (km) Repaired Pipes (n) Affected Length (km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 1 0.006 - - - - 
150 9 0.220 - - - - 
200 31 0.691 - - - - 
300 15 0.101 - - - - 
375 2 0.020 - - - - 
Total 58 1.038 - - - - 
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Ductile Iron pipes in LRI zones, continued. 
No Liquefaction Observations 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 34 0.252 - - - - 
125 1 0.001 - - - - 
150 81 1.407 - - - - 
200 136 1.866 1 0.040 1 0.5 
225 5 0.026 - - - - 
250 18 0.095 - - - - 
300 166 6.760 1 0.120 2 0.3 
Total 441 10.407 2 0.160 3 0.3 
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High-Density Polyethylene pipes in LRI zones. 
LRI 0 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
25 277 8.207 45 1.972 58 7.1 
40 297 14.453 37 2.635 46 3.2 
50 459 3.174 21 0.607 24 7.6 
Total 1033 25.833 103 5.215 128 5.0 
LRI 1 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
20 17 0.334 1 0.061 3 9.0 
25 1110 31.157 82 3.630 102 3.3 
38 3 0.199 - - - - 
40 1540 71.226 128 9.129 164 2.3 
50 2330 16.374 62 1.812 77 4.7 
Total 5000 119.291 273 14.631 346 2.9 
LRI 2 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
13 3 0.041 - - - - 
20 45 0.929 4 0.221 8 8.6 
25 1399 42.339 79 3.362 105 2.5 
32 4 0.075 2 0.056 2 26.8 
38 8 0.416 3 0.306 3 7.2 
40 1819 79.535 103 6.600 130 1.6 
50 2974 37.664 68 4.046 99 2.6 
Total 6252 160.997 259 14.592 347 2.2 
LRI 3 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
13 17 0.351 - - - - 
15 3 0.009 - - - - 
20 97 2.022 3 0.081 1 0.5 
25 1801 49.199 77 3.296 94 1.9 
32 1 0.013 - - - - 
38 14 0.901 2 0.236 3 3.3 
40 2965 130.996 181 12.483 246 1.9 
50 4785 60.315 100 4.030 122 2.0 
63 2 0.001 - - - - 
Total 9685 243.806 363 20.127 466 1.9 
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High-Density Polyethylene pipes in LRI zones, continued. 
LRI 4 
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
13 40 1.071 - - - - 
15 8 0.129 - - - - 
20 162 3.112 2 0.039 2 0.6 
25 802 17.001 6 0.220 6 0.4 
32 301 3.501 4 0.081 4 1.1 
38 42 1.098 - - - - 
40 787 22.228 11 0.950 17 0.8 
50 2186 59.031 30 2.549 32 0.5 
63 2 0.027 - - - - 
Total 4330 107.199 53 3.840 61 0.6 
No Liquefaction Observations 
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
13 1 0.014 - - - - 
15 2 0.014 - - - - 
20 114 1.541 1 0.014 1 0.6 
25 992 23.972 30 1.335 33 1.4 
32 140 1.094 - - - - 
38 17 0.707 4 0.221 4 5.7 
40 1888 71.449 81 5.919 89 1.2 
50 3884 86.711 99 7.572 107 1.2 
Total 7038 185.502 215 15.060 234 1.3 
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Polyvinyl Chloride pipes in LRI zones. 
LRI 0 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
100 104 4.000 25 1.862 55 13.8 
150 59 2.308 5 0.386 5 2.2 
200 21 0.684 1 0.046 1 1.5 
300 4 0.208 0 0.000 0 0.0 
Total 188 7.200 31 2.294 61 8.5 
LRI 1 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
25 48 1.496 2 0.097 2 1.3 
38 1 0.088 1 0.088 1 11.3 
40 31 2.282 2 0.174 3 1.3 
50 32 0.154 - - - - 
80 1 0.001 - - - - 
100 472 14.423 18 1.847 22 1.5 
150 259 8.383 7 0.517 9 1.1 
200 60 1.643 - - - - 
300 39 1.495 4 0.409 4 2.7 
Total 943 29.964 34 3.133 41 1.4 
LRI 2 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
25 31 0.415 - - - - 
32 45 0.456 - - - - 
40 51 1.519 3 0.289 3 2.0 
50 106 1.692 3 0.220 3 1.8 
75 1 0.001 - - - - 
80 25 0.156 - - - - 
100 462 12.675 3 0.270 3 0.2 
150 290 11.034 14 0.949 15 1.4 
200 140 4.391 2 0.034 2 0.5 
300 54 3.112 1 0.388 1 0.3 
375 2 0.001 - - - - 
Total 1207 35.451 26 2.150 27 0.8 
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Polyvinyl Chloride pipes in LRI zones, continued. 
LRI 3 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
15 30 0.085 - - - - 
20 17 0.121 - - - - 
25 272 7.653 4 0.192 4 0.5 
32 125 1.329 - - - - 
38 20 0.564 - - - - 
40 445 13.749 - - - - 
50 956 21.459 1 0.017 1 0.0 
75 7 0.540 - - - - 
80 127 1.328 - - - - 
100 2438 67.624 4 0.405 4 0.1 
150 1608 52.203 4 0.203 4 0.1 
200 885 34.333 3 0.276 4 0.1 
225 6 0.270 - - - - 
250 2 0.014 - - - - 
300 451 24.502 1 0.224 2 0.1 
375 25 0.346 - - - - 
450 1 0.002 - - - - 
600 2 0.002 - - - - 
Total 7417 226.124 17 1.318 19 0.1 
LRI 4 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
15 1 0.009 - - - - 
20 14 0.088 - - - - 
25 63 1.258 - - - - 
32 45 0.487 - - - - 
38 16 0.457 - - - - 
40 105 2.030 1 0.025 1 0.5 
50 385 11.428 5 0.657 5 0.4 
75 6 0.539 1 0.479 1 1.9 
80 58 0.582 - - - - 
100 163 3.736 1 0.043 1 0.3 
150 173 6.039 1 0.074 1 0.2 
200 120 6.609 - - - - 
300 129 8.466 2 1.893 2 0.2 
Total 1278 41.728 11 3.171 11 0.3 
Continued next page 
 
 
 
 
98 
 
Polyvinyl Chloride pipes in LRI zones, continued. 
No Liquefaction Observations 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
20 1 0.021 - - - - 
25 88 2.780 4 0.169 4 1.4 
32 22 0.165 1 0.012 2 12.1 
38 2 0.011 - - - - 
40 162 4.374 3 0.209 3 0.7 
50 318 6.342 7 0.250 7 1.1 
80 18 0.270 - - - - 
100 528 14.711 1 0.053 1 0.1 
150 318 9.492 2 0.421 2 0.2 
200 302 14.034  7 1.162 7 0.5 
225 6 0.270 - - - - 
250 2 0.014 - - - - 
300 149 7.540 - - - - 
375 23 0.344 - - - - 
600 2 0.002 - - - - 
Total 1941 60.370 18 2.276 26 0.4 
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Concrete-Lined Steel pipes in LRI zones. 
LRI 0 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
100 30 1.187 11 0.710 22 18.5 
Total 30 1.187 11 0.710 22 18.5 
LRI 1 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
100 157 5.274 36 2.349 78 14.8 
150 27 0.572 6 0.327 13 22.7 
200 49 1.067 2 0.057 2 1.9 
250 10 0.129 1 0.048 1 7.8 
300 72 3.190 4 0.274 6 1.9 
375 25 1.166 1 0.072 2 1.7 
600 14 1.383 2 0.460 2 1.4 
Total 354 12.781 52 3.587 104 8.1 
LRI 2 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
100 25 0.706 2 0.204 2 2.8 
150 7 0.353 - - - - 
200 49 0.434 - - - - 
225 17 0.064 - - - - 
250 9 0.566 1 0.510 1 1.8 
300 63 1.661 1 0.047 1 0.6 
375 19 0.597 3 0.144 3 5.0 
450 12 0.207 - - - - 
600 6 1.409 - - - - 
Total 207 5.996 7 0.905 7 1.2 
LRI 3 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
75 2 0.002 - - - - 
100 54 1.892 5 0.490 6 3.2 
150 25 0.510 1 0.016 1 2.0 
200 110 1.237 - - - - 
225 5 0.005 - - - - 
250 9 0.573 - - - - 
300 277 6.078 2 0.022 2 0.3 
375 23 0.808 - - - - 
425 1 0.016 - - - - 
450 25 1.726 - - - - 
600 5 0.180 1 0.156 1 5.5 
Total 536 13.026 9 0.684 10 0.8 
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Concrete-Lined Steel pipes in LRI zones, continued. 
LRI 4 
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
100 5 0.037 - - - - 
200 3 0.005 - - - - 
300 16 0.901 - - - - 
450 6 1.002 - - - - 
Total 30 1.945 - - - - 
No Liquefaction Observations 
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
100 27 0.414 2 0.176 3 7.2 
150 15 0.828 - - - - 
200 126 1.619 3 0.233 3 1.9 
250 16 0.729 3 0.208 3 4.1 
300 103 4.637 4 0.690 4 0.9 
375 10 2.392 2 1.136 3 1.3 
450 21 2.995 2 0.678 2 0.7 
600 3 0.193 - - - - 
Total 321 13.808 16 3.122 18 1.3 
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Asbestos Cement pipes in LRI zones. 
LRI 0 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
50 6 0.120 2 0.078 4 33.5 
100 352 11.871 89 5.155 159 13.4 
150 127 4.595 34 2.469 63 13.7 
200 28 1.325 17 0.844 24 18.1 
300 3 0.039 - - - - 
Total 516 17.949 142 8.546 250 13.9 
LRI 1 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
75 1 0.001 - - - - 
100 1151 37.670 205 13.040 343 9.1 
150 486 16.572 73 4.515 104 6.3 
200 277 7.661 29 1.914 48 6.3 
225 21 1.002 10 0.427 14 225 
250 2 0.001 - - - - 
300 172 7.055 11 1.366 16 2.3 
Total 2110 69.963 328 21.262 525 7.5 
LRI 2 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
25 3 0.020 - - - - 
40 2 0.043 - - - - 
50 14 0.332 2 0.078 4 12.0 
75 7 0.113 - - - - 
100 1691 58.970 89 5.155 159 2.7 
150 748 28.606 34 2.469 63 2.2 
200 460 14.132 17 0.844 24 1.7 
225 2 0.213 - - - - 
250 5 0.051 - - - - 
300 222 9.065 - - - - 
375 2 0.095 - - - - 
Total 3156 111.639 142 8.546 250 2.2 
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Asbestos Cement pipes in LRI zones. 
LRI 3 
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
25 1 0.028 - - - - 
50 38 1.722 1 0.511 3 1.7 
75 8 0.175 - - - - 
100 2515 85.409 148 10.243 230 2.7 
150 1339 45.963 62 4.424 79 1.7 
200 871 29.289 37 2.399 50 1.7 
225 24 0.612 1 0.082 1 1.6 
250 11 0.202 1 0.022 1 5.0 
300 366 13.362 2 0.542 2 0.1 
375 16 0.582 1 0.011 1 1.7 
Total 5189 177.343 253 18.234 367 2.1 
LRI 4 
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
50 157 7.568 7 0.742 7 0.9 
75 16 0.362 - - - - 
100 2107 74.079 30 2.552 37 0.5 
150 1399 59.347 23 2.299 26 0.4 
200 665 30.000 7 0.371 7 0.2 
225 15 0.634 - - - - 
250 24 2.607 - - - - 
300 142 6.808 1 0.082 2 0.3 
375 44 3.221 - - - - 
400 61 1.231 - - - - 
600 6 0.038 - - - - 
Total 4636 185.894 68 6.047 79 0.4 
No Liquefaction Observations 
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
40 4 0.093 - - - - 
50 123 5.041 3 0.750 3 0.6 
75 24 1.142 2 0.207 2 1.8 
80 2 0.069 - - - - 
100 2738 96.747 102 7.532 148 1.5 
150 1574 63.227 48 4.309 57 0.9 
200 728 31.066 30 3.483 34 1.1 
225 9 0.410 3 0.843 3 7.3 
250 134 5.419 5 0.799 5 0.9 
300 180 10.715 11 3.171 20 1.9 
375 36 2.183 2 0.524 4 1.8 
Total 5552 216.113 206 21.618 276 1.3 
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Steel pipes in LRI zones. 
LRI 0 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 4 0.004 - - - - 
200 3 0.009 - - - - 
Total 7 0.013 - - - - 
LRI 1 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
100 62 23.660 21 1.505 30 1.3 
150 42 13.667 7 0.760 12 0.9 
200 10 0.104 - - - - 
300 24 0.937 1 0.036 1 1.1 
Total 138 38.368 29 2.301 43 1.1 
LRI 2 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
75 2 0.009 - - - - 
100 76 2.557 6 0.323 6 2.3 
150 50 0.696 3 0.152 4 5.7 
200 35 0.317 1 0.201 1 3.2 
250 3 0.010 - - - - 
300 25 0.176 - - - - 
375 6 0.374 1 0.279 1 2.7 
450 3 0.301 - - - - 
550 4 0.967 - - - - 
600 3 0.230 1 0.005 1 4.3 
Total 207 5.637 12 0.960 13 2.3 
LRI 3 
Diameter 
(mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
75 1 0.011 - - - - 
100 94 2.745 6 0.608 10 3.6 
150 41 0.874 4 0.273 5 5.7 
200 56 0.098 - - - - 
250 10 0.311 3 0.174 3 9.6 
300 50 0.458 - - - - 
375 4 0.055 - - - - 
425 2 0.224 - - - - 
450 1 0.148 - - - - 
600 15 0.554 - - - - 
Total 274 5.478 13 1.055 18 3.3 
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Steel pipes in LRI zones, continued. 
LRI 4 
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
75 1 0.000 - - - - 
150 3 0.004 - - - - 
200 16 0.038 - - - - 
250 4 0.005 - - - - 
300 17 0.094 - - - - 
375 15 1.941 1 0.091 1 0.5 
450 4 1.138 - - - - 
Total 60 3.221 1 0.091 1 0.3 
No Liquefaction Observations 
Diameter (mm) 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total 
Repairs (n) 
Repairs/ 
km 
100 59 1.473 7 0.638 10 6.8 
150 27 0.811 3 0.168 3 3.7 
200 27 0.144 - - - - 
250 2 0.002 - - - - 
300 35 0.285 - - - - 
375 4 0.021 - - - - 
450 3 0.128 - - - - 
550 16 3.297 - - - - 
600 7 0.234 - - - - 
Total 180 6.392 10 0.806 13 2.0 
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Galvanised Iron pipes in LRI zones. 
LRI 0 
Diameter 
(mm) 
Total Pipes 
(n) Total Length (km) Repaired Pipes (n) Affected Length (km) 
Total Repairs 
(n) 
Repairs/ 
km 
20 239 5.913 92 3.703 159 26.9 
25 238 1.150 15 0.233 18 15.7 
40 10 0.140 3 0.084 5 35.8 
50 48 0.337 5 0.085 6 17.8 
Total 535 7.540 115 4.105 188 24.9 
LRI 1 
Diameter 
(mm) 
Total Pipes 
(n) Total Length (km) Repaired Pipes (n) Affected Length (km) 
Total Repairs 
(n) 
Repairs/ 
km 
20 974 17.588 206 6.818 282 16.0 
25 879 4.707 45 1.160 56 11.9 
32 1 0.001 - - - - 
38 3 0.064 - - - - 
40 55 1.204 7 0.786 23 19.1 
50 406 3.437 29 0.877 32 9.3 
Total 2318 27.000 287 9.641 393 14.6 
LRI 2 
Diameter 
(mm) 
Total Pipes 
(n) Total Length (km) Repaired Pipes (n) Affected Length (km) 
Total Repairs 
(n) 
Repairs/ 
km 
20 1158 21.683 200 7.386 289 13.3 
25 1176 7.706 55 1.460 74 9.6 
32 10 0.358 3 0.251 3 8.4 
40 107 2.078 12 0.539 18 8.7 
50 611 3.458 26 0.339 28 8.1 
100 1 0.001 - - - - 
200 1 0.005 - - - - 
Total 3064 35.288 296 9.975 412 11.7 
LRI 3 
Diameter 
(mm) 
Total Pipes 
(n) Total Length (km) Repaired Pipes (n) Affected Length (km) 
Total Repairs 
(n) 
Repairs/ 
km 
13 3 0.0599 1 0.058 1 16.7 
15 3 0.0461 - - - - 
20 1530 27.3126 154 6.098 194 7.1 
25 1351 8.7773 34 1.001 45 5.1 
32 13 0.3824 2 0.157 2 5.2 
38 18 0.4345 1 0.016 1 2.3 
40 121 2.8086 12 0.838 17 6.1 
50 779 5.0107 23 0.486 27 5.4 
75 1 0.0079 - - - - 
80 2 0.0083 - - - - 
100 4 0.0191 - - - - 
150 5 0.1277 - - - - 
200 5 0.0214 - - - - 
300 1 0.002 - - - - 
Total 3836 45.019 227 8.655 287 6.4 
Continued next page 
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Galvanised Iron pipes in LRI zones, continued. 
LRI 4 
Diameter 
(mm) Total Pipes (n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
13 1 0.004         
20 81 1.626 1.000 0.005 1 0.6 
25 341 4.592 3.000 0.121 3 0.7 
32 35 0.535 - - - - 
38 21 0.711 - - - - 
40 22 0.707 - - - - 
50 54 1.020 2.000 0.138 2 2.0 
75 3 0.073 - - - - 
100 15 0.757 - - - - 
150 1 0.022 - - - - 
200 10 0.015 - - - - 
Total 584 10.061 6 0.263 6 0.6 
No Liquefaction Observations 
Diameter 
(mm) Total Pipes (n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs/ 
km 
13 2 0.041 - - - - 
15 6 0.050 2 0.010 3 59.9 
20 461 9.070 54 2.191 73 8.0 
25 772 7.402 21 0.645 24 3.2 
32 56 1.014 2 0.210 11 10.8 
38 7 0.116 - - - - 
40 95 2.269 5 0.161 6 2.6 
50 461 5.683 18 0.857 30 5.3 
65 8 0.058 - - - - 
75 33 0.553 - - - - 
100 3 0.026 - - - - 
150 55 0.868 - - - - 
200 5 0.019 - - - - 
Total 1964 27.170 102 4.076 147 5.4 
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Appendix F - Categories of damage information derived from repair records across Christchurch City and 
Banks Peninsula in the period 5 September 2010 to 30 June 2012 
 
Pipe 
Material 
Total 
 
Pipe 
Damage 
Fitting 
Damage 
Predominant Fitting 
Composition 
No Damage 
Information 
 
(n) (%) (n) % n % 
 
n % 
MPVC 27 0.4 8 30 3 11 CI, DI 16 59 
PVC 190 3 33 17 50 26 CI, DI 107 56 
MDPE80 257 4 19 7 147 57 Plastic 91 35 
DI 49 1 2 4 19 39 DI 28 57 
HDPE 1261 21 140 11 587 47 Plastic 534 42 
AC 1816 30 606 33 461 25 CI 749 41 
S 84 1 17 20 29 35 CI 38 45 
CI 574 9 73 13 244 43 CI 257 45 
CLS 144 2 19 13 80 56 CI, DI 45 31 
GI 1692 28 347 21 538 32 GI 807 48 
Total 6094 100 1264 21 2158 35 
 
2672 44 
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Appendix G - Pipe Materials Modes of Failure 
 
The following data all cover the period 4 September 2010 to 30 June 2012. 
  No Information 
  Fitting 
  Pipe 
 
High-Density Polyethylene 
   
Asbestos Cement 
  Damage Category N % 
 
Damage Category N % 
No Information 529 47 
 
Unspecified Fault 1014 56.1 
Fitting - Unspecified 154 14 
 
Pipe - Collar 102 5.6 
Fitting - Coupler 134 12 
 
Fitting - Gibault 101 5.6 
Fitting - Property Connection 94 8 
 
Pipe - Broken Back 96 5.3 
Pipe - Longitudinal Split 67 6 
 
Pipe - Cracked 67 3.7 
Pipe - Unspecified Break 26 2 
 
Pipe - Longitudinal Split 66 3.7 
Fitting - Endcap 23 2 
 
Pipe - Unspecified Break 66 3.7 
Fitting - Tee 22 2 
 
Fitting - Coupler 62 3.4 
Fitting - Elbow 19 2 
 
Fitting - Pipe Connection 59 3.3 
Fitting - Pipe Connection 17 2 
 
Pipe - Blown 36 2.0 
Pipe - Pinhole 12 1 
 
Pipe - Circumferential Split 35 1.9 
Fitting - Bend 10 1 
 
Fitting - Previous Repair 28 1.5 
Fitting - Gate Valve 7 1 
 
Fitting - Unspecified 16 0.9 
Total 1114 100 
 
Fitting - Joint 9 0.5 
    
Pipe - Unspecified Break at Fitting 8 0.4 
    
Fitting - Tee 7 0.4 
    
Pipe - Snapped 6 0.3 
    
Fitting - Sluice Valve 5 0.3 
    
Pipe - Misalignment 4 0.2 
    
Fitting - Endcap 3 0.2 
    
Fitting - Valve 3 0.2 
    
Pipe - Pinhole 3 0.2 
    
Fitting - Gate Valve 2 0.1 
    
Pipe - Blown at Fitting 2 0.1 
    
Pipe - Impacted 2 0.1 
    
Fitting - Bend 1 0.1 
    
Fitting - Flange Adaptor 1 0.1 
    
Fitting - Hydrant 1 0.1 
    
Fitting - Socket 1 0.1 
    
Fitting - Tee Impacted by Pipe 1 0.1 
    
Pipe - Circumferential Split at Fitting 1 0.1 
    
Total 1808 100 
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  No Information 
  Fitting 
  Pipe 
 
Medium-Density Polyethylene 80 
   
Polyvinyl Chloride 
  
Damage Category N % 
 
Damage Category N % 
Unspecified Fault 102 41.6 
 
Unspecified Fault 73 53 
Fitting - Property Connection 66 26.9 
 
Fitting - Coupler 14 10 
Fitting - Unspecified 17 6.9 
 
Pipe - Collar 14 10 
Fitting - Coupler 11 4.5 
 
Fitting - Gibault 8 6 
Fitting - Tee 11 4.5 
 
Pipe - Longitudinal Split 6 4 
Fitting - Pipe Connection 10 4.1 
 
Fitting - Unspecified 5 4 
Pipe - Unspecified Break 9 3.7 
 
Fitting - Property Connection 3 2 
Fitting - Elbow 5 2.0 
 
Pipe - Blown 3 2 
Pipe - Pinhole 4 1.6 
 
Pipe - Unspecified Break 3 2 
Fitting - Endcap 2 0.8 
 
Fitting - Previous Repair 2 1 
Fitting - Previous Repair 2 0.8 
 
Fitting - Pipe Connection 2 1 
Pipe - Longitudinal Split 2 0.8 
 
Fitting - Tee 2 1 
Fitting - Gate Valve 1 0.4 
 
Fitting - Endcap 1 1 
Fitting - Gibault 1 0.4 
 
Fitting - Gate Valve 1 1 
Fitting - Sluice Valve Box 1 0.4 
 
Fitting - Valve 1 1 
Fitting - Toby Box 1 0.4 
 
Pipe - Unspecified Break at Collar 1 1 
Total 245 100 
 
Total 139 100 
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  No Information 
  Fitting 
  Pipe 
 
Cast Iron 
   
Galvanised Iron 
  
Damage Category N % 
 
Damage Category N % 
Unspecified Fault 253 45.2 
 
Unspecified Fault 954 60.2 
Fitting - Lead Joint 112 20.0 
 
Fitting - Coupler 109 6.9 
Fitting - Collar 50 8.9 
 
Fitting - Tee 94 5.9 
Fitting - Gibault 23 4.1 
 
Pipe - Pinhole 66 4.2 
Pipe - Blown 20 3.6 
 
Pipe - Unspecified Break 59 3.7 
Pipe - Broken Back 19 3.4 
 
Fitting - Unspecified 57 3.6 
Fitting - Pipe Connection 17 3.0 
 
Pipe - Blown 51 3.2 
Fitting - Previous Repair 14 2.5 
 
Pipe - Longitudinal Split 45 2.8 
Pipe - Longitudinal Split 9 1.6 
 
Fitting - Bend 41 2.6 
Fitting - Coupler 8 1.4 
 
Fitting - Property Connection 18 1.1 
Fitting - Tee 7 1.3 
 
Fitting - Previous Repair 16 1.0 
Pipe - Cracked 7 1.3 
 
Pipe - Unspecified Break, Corrosion 15 0.9 
Fitting - Unspecified 4 0.7 
 
Fitting - Pipe Connection 14 0.9 
Pipe - Unspecified Break 4 0.7 
 
Pipe - Cracked 9 0.6 
Pipe - Circumferential Split 3 0.5 
 
Fitting - Valve 8 0.5 
Pipe - Bell Join 2 0.4 
 
Pipe - Pitted 8 0.5 
Fitting - Bend 1 0.2 
 
Fitting - Gate Valve 7 0.4 
Fitting - Endcap 1 0.2 
 
Pipe - Snapped 3 0.2 
Fitting - Flange 1 0.2 
 
Pipe - Corrosion 2 0.1 
Fitting - Gate Valve 1 0.2 
 
Fitting - Bend & Tee 1 0.1 
Fitting - Sluice Valve 1 0.2 
 
Fitting - Bend, Corroded 1 0.1 
Fitting - Socket 1 0.2 
 
Fitting - Coupler & Bend 1 0.1 
Pipe - Pinhole 1 0.2 
 
Fitting - Endcap 1 0.1 
Pipe - Thrust Block 1 0.2 
 
Fitting - Gibault 1 0.1 
Total 560 100 
 
Pipe - Circumferential Split 1 0.1 
    
Pipe - Impacted 1 0.1 
    
Pipe - Kinked 1 0.1 
    
Pipe - Longitudinal Split, Corrosion 1 0.1 
    
Total 1585 100 
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Appendix H – Summary performance data for waste water materials. 
 
Pipe 
Material 
Total Pipes 
(n) 
Total Length 
(km) 
Repaired Pipes 
(n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
CONC 14108 795.878 624 43.088 762 1.0 
EW 6924 389.511 485 34.936 593 1.5 
UPVC 7984 372.188 47 2.545 53 0.1 
AC 3513 179.021 79 6.104 119 0.7 
PVC 1267 54.122 8 0.309 9 0.2 
MPVC 250 22.304 - - - - 
HDPE 1360 22.282 6 0.433 8 0.4 
CI 764 20.116 10 0.863 13 0.6 
GI 1121 8.733 - - - - 
MDPE80 120 6.914 1 0.108 1 0.1 
PE 110 6.22 - - - - 
BB 92 5.948 4 0.426 4 0.7 
LDPE 90 2.09 - - - - 
DI 147 0.404 - - - - 
S 58 0.223 1 0.037 1 4.5 
Total 37908 1885.953 1265 88.849 1563 0.8 
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Appendix I – Summary performance data for waste water materials according to Liquefaction Resistance 
Index Zone. 
 
Unplasticised Polyvinyl Chloride 
LRI Zone 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
0 172 8.371 16 0.785 17 2.0 
1 351 16.276 3 0.158 3 0.2 
2 681 36.665 11 0.701 15 0.4 
3 1121 56.795 1 0.086 2 0.04 
4 873 41.771 - - - - 
No Obs 1917 105.450 5 0.171 5 0.05 
Total 5115 265.329 36 1.901 42 0.2 
Medium Density Polyethylene 80 
LRI Zone 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
0 - - - - - - 
1 6 0.472 1 0.108 1 2.1 
2 4 0.299 - - - - 
3 11 0.518 - - - - 
4 5 0.195 - - - - 
No Obs 54 2.697 - - - - 
Total 80 4.182 1 0.108 1 0.2 
Polyvinyl Chloride 
LRI Zone 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
0 15 0.168 1 0.003 1 5.9 
1 40 2.556 1 0.006 1 0.4 
2 140 4.502 1 0.042 1 0.2 
3 186 8.859 1 0.08 1 0.1 
4 42 1.861 
    No Obs 212 9.911 1 0.094 1 0.1
Total 635 27.857 5 0.225 5 0.2 
High-Density Polyethylene 
LRI Zone 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
0 38 0.298 1 0.099 1 3.4 
1 157 2.291 1 0.077 1 0.4 
2 171 1.336 1 0.081 2 1.5 
3 296 4.096 2 0.119 2 0.5 
4 139 0.623 
    No Obs 316 3.770 
    Total 1117 12.355 5 0.376 6 0.5
     Continued next page 
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Asbestos Cement 
LRI Zone 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
0 70 3.393 17 1.048 17 5.0 
1 174 8.805 11 0.860 19 2.2 
2 383 22.692 15 1.723 23 1.0 
3 493 21.443 7 1.169 7 0.3 
4 612 30.313 
    No Obs 797 46.459 4 0.212 6 0.1
Total 2529 133.105 54 5.012 72 0.5 
Brick Barrell 
LRI Zone 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
0 1 0.103 1 0.103 1 9.7 
1 46 2.702 3 0.323 3 1.1 
2 10 1.074 
    3 25 1.508 
    4 
      No Obs 10 0.561
    Total 92 5.948 4 0.426 4 0.7
Reinforced Concrete Rubber Ring Jointed 
LRI Zone 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
0 460 24.752 138 8.845 167 6.7 
1 1106 63.521 80 5.555 106 1.7 
2 1552 88.877 151 10.380 197 2.2 
3 2490 138.057 80 5.572 98 0.7 
4 2461 141.962 1 0.060 1 0.01 
No Obs 3139 179.173 30 2.173 32 0.2 
Total 11208 636.340 480 32.585 601 0.9 
Concrete 
LRI Zone 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
0 60 2.837 13 0.912 13 4.6 
1 524 30.367 38 3.178 45 1.5 
2 334 21.458 22 1.932 24 1.1 
3 545 33.304 28 1.987 29 0.9 
4 67 3.734 
    No Obs 504 32.187 10 0.865 12 0.4
Total 2034 123.887 111 8.874 123 1.0 
Earthenware 
LRI Zone 
Total 
Pipes (n) 
Total Length 
(km) 
Repaired 
Pipes (n) 
Affected Length 
(km) 
Total Repairs 
(n) 
Repairs 
km
-1
 
0 137 6.984 44 2.547 61 8.7 
1 1059 63.258 153 11.076 185 2.9 
2 1116 71.624 117 9.379 152 2.1 
3 1932 120.474 71 5.898 77 0.6 
4 221 11.939 2 0.151 2 0.2 
No Obs 1092 65.254 44 3.216 57 0.9 
Total 5557 339.532 431 32.267 534 1.6 
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Appendix J – Predicting earthquake damage to gravity pipe networks 
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Appendix K – Analysis and design of manholes in liquefiable soils 
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